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The Bakken Petroleum System in the Elm Coulee field is an upper Devonian to 
lower Mississippian system consisting of the upper Three Forks, Bakken, and lower 
Lodgepole formations.  The Elm Coulee Field is located at the southwest margin of the 
Williston Basin in Richland County, Montana, and covers over 500 sq. miles.  Today, 
the Elm Coulee Field is one of the largest oil fields in Williston Basin and has an 
estimated ultimate recovery of 200-250 MMBO. 
This study focused on the structural and stratigraphic components of the Bakken 
Formation and Prairie Salt Formation in the Elm Coulee Field and addressed the 
basement structural trends and their influence on the Bakken pay interval and possible 
salt dissolution in the Prairie Salt.  The latter is significant in explaining whether the 
anomalous thickness of the Middle Bakken Member is due to salt dissolution that may 
have occurred during Bakken deposition.  The study utilized subsurface cores, well log 
data, and 3-D seismic.   
The Core data identified the main reservoirs in the Bakken Petroleum System to 
be within the Bakken Formation’s Upper Bakken Member and Middle Bakken Member: 
Facies B (upper interval), C, D, E, and F.  The reservoir quality in the Middle Bakken 
Member is enhanced by dolomitization. 
Well log data identified a NW-SE trending thickness anomaly of the Bakken 
Formation’s Middle Bakken Member in the Elm Coulee Field.  Whether or not this 
anomaly was caused by basement tectonics and/or Prairie Salt dissolution was unable 





The 3-D seismic data identified sub-seismic discontinuities/faults with two 
dominant trends, NE-SW and NW-SE, which correlates with the regional fractures 
present throughout the Williston Basin.  The fracture network present plays a critical role 








TABLE OF CONTENTS 
ABSTRACT ..................................................................................................................... iii 
LIST OF FIGURES ..........................................................................................................ix 
LIST OF TABLES ......................................................................................................... xvii 
DEDICATION .............................................................................................................. xviii 
ACKNOWLEDGMENTS ................................................................................................ xix 
CHAPTER 1      INTRODUCTION ................................................................................... 1 
 Purpose and Objectives ......................................................................... 1 1.1
 Study Area ............................................................................................. 2 1.2
 Data and Research Methods ................................................................. 2 1.3
         Cores ................................................................................... 3 1.3.1
         Well Logs ............................................................................. 5 1.3.2
         3-D Seismic ......................................................................... 5 1.3.3
 Geologic Overview ................................................................................. 7 1.4
         Sedimentation and Stratigraphy ........................................... 8 1.4.1
         Structure ............................................................................ 13 1.4.2
         Bakken Petroleum System ................................................. 13 1.4.3
         Prairie Formation ............................................................... 19 1.4.4
 Previous Work ......................................................................................... 24 1.5





         Sonnenberg and Pramudito, 2009 ..................................... 24 1.5.2
         Elaina Honsberger, 2013 ................................................... 25 1.5.3
         Chloe Alexandre, 2011 ...................................................... 25 1.5.4
         Adrian Almanza, 2011 ....................................................... 26 1.5.4
CHAPTER 2      FACIES ............................................................................................... 26 
 Three Forks Formation: Facies 1 ......................................................... 27 2.1
 Three Forks Formation: Facies 2 ......................................................... 27 2.2
 Three Forks Formation: Facies 3 ......................................................... 27 2.3
 Three Forks Formation: Facies 4 ......................................................... 29 2.4
 Bakken Formation: Pronghorn Member ............................................... 29 2.5
 Bakken Formation: Lag Member .......................................................... 30 2.6
 Bakken Formation: Lower Bakken Member ......................................... 30 2.7
 Bakken Formation: Middle Bakken Member Facies A ......................... 30 2.8
 Bakken Formation: Middle Bakken Member Facies B ......................... 31 2.9
 Bakken Formation: Middle Bakken Member Facies C/E ...................... 31 2.10
 Bakken Formation: Middle Bakken Member Facies D ......................... 31 2.11
 Bakken Formation: Middle Bakken Member Facies F ......................... 32 2.12
 Bakken Formation: Upper Bakken Member ......................................... 32 2.13
 Lower Lodgepole Formation: Scallion Member .................................... 32 2.14





CHAPTER 3      CORES: ELM COULEE FIELD ........................................................... 39 
 Stockade-Jayla Core ........................................................................... 39 3.1
 Peabody-Minifie Core .......................................................................... 43 3.2
 Peanut-Jimmy Core ............................................................................. 43 3.3
 Bullwinkle-Yahoo Core ........................................................................ 45 3.4
 Coyote-Putnam Core ........................................................................... 46 3.5
 Nevins Core ......................................................................................... 47 3.6
 Cross-Section ...................................................................................... 55 3.7
 Core Plug Analysis and X-Ray Diffraction Analysis ............................. 55 3.8
CHAPTER 4      WELL LOGS ....................................................................................... 62 
 Structure Maps .................................................................................... 62 4.1
 Isopach Maps ...................................................................................... 62 4.2
 Cross Sections ..................................................................................... 64 4.3
CHAPTER 5      3-D SEISMIC ....................................................................................... 73 
 Seismic Well Tie: Vaux ........................................................................ 73 5.1
 Time-Structure Maps ........................................................................... 73 5.2
 Isochron Maps ..................................................................................... 78 5.3
 Sub-Regional Fracture Analysis .......................................................... 91 5.4
         AntTracking ........................................................................ 92 5.4.1





         Comparing AntTracking Results to Production and SoPhi 5.4.3
Maps .................................................................................. 95 
 Seismic characteristics of the Bakken Petroleum System ................... 96 5.5
CHAPTER 6      CONCLUSIONS AND RECOMMENDATIONS ................................. 111 
 Discussion ......................................................................................... 111 6.1
 Conclusions ....................................................................................... 112 6.2
 Recommendations ............................................................................. 113 6.2
REFERENCES CITED ................................................................................................ 115 
APPENDICIES ............................................................................................................ 118 
 Appendix A ........................................................................................ 118 







LIST OF FIGURES 
Figure 1.1 Location map of Elm Coulee Field, Richland County, Montana. Elm 
Coulee Field outlined in yellow (modified from Sonnenberg, 2011) ...... 3 
Figure 1.2  Location map of the 10 cores (secondary study area).  The green and 
red circles represent the cores available for this study.  Outlined in red 
is the Richland County line and outlined in yellow is Elm Coulee Field. 4 
Figure 1.3   Digital well logs within study area.  Figure A displays the digital well 
logs within the primary and secondary study area.  Figure B displays 
the well log characteristic and formation top picks in the Bullwinkle-
Yahoo well located within the primary study area in T24N R57E 
Section 4. ............................................................................................. 6 
Figure 1.4   Map of the primary study area outlining the 3D seismic surveys in blue
 ............................................................................................................. 7 
Figure 1.5   Stratigraphic Column of the Williston Basin. Bakken Formation outlined 
in red (modified from Gerhard et al., 1990) ......................................... 10 
Figure 1.6   Paleogeographic map showing the location of the Williston Basin 
during the Late Devonian-Early Mississippian (360 Ma).  At this time, 
the basin was located in tropics near the equator.  Williston Basin 
outlined in red (modified from Blakey, 2011) ...................................... 11 
Figure 1.7   Schematic cross section across the Williston Basin showing three 
members of the Bakken Formation and the onlapping relationship with 
the Three Forks Formation (modified from Sonnenberg and Pramudito, 
2009) .................................................................................................. 12 
Figure 1.8   Map of the Precambrian provinces that underlie the Williston Basin and 
prominent structural features present within the basin (Sonnenberg et 
al., 2011) ............................................................................................ 14 
Figure 1.9   Generalized stratigraphic column for the Bakken Petroleum System 
(Sonnenberg et al., 2011) ................................................................... 16 
Figure 1.10  Modified van Krevelen diagram for the Bakken Formation.  Published 
data from Webster (1984) and Price et al. (1984).  Majority of samples 
indicate a Type I and II oil-prone kerogen (algal origin).  Legend shows 
source rock data by depth interval. HI is hydrogen index (S2/TOC).  OI 
is oxygen index (S3/TOC) (Sonnenberg, 2011) .................................. 17 
Figure 1.11  West to east diagrammatic cross section of the Bakken petroleum 
system.  Hydrocarbon generation creates overpressures in the lower 
Lodgepole to upper Three Forks interval.  The maturity line slopes 





overpressured interval is shown by the dashed line.  Overpressuring is 
thought to contribute to natural fracturing (Sonnenberg et al., 2011). 18 
Figure 1.12  Schematic illustration of microfracture induced by oil generation 
(Sonnenberg et al., 2011) ................................................................... 19 
Figure 1.13   Typical log characteristics of the Prairie Formation showing the salt, 
and its separating halite beds shaded in green and the capping 
“Second Red Bed” shaded in turquoise (LeFever and LeFeve, 2005).
 ........................................................................................................... 21 
Figure 1.14   Multi-stage collapse structure resulting from episodic salt dissolution, 
showing drape folding of overlying beds.  Note infill-thickening of the 
single-stage structure and depositional thinning over the multi-stage 
structure (Cobb, 2012, modified from Oglesby, 1988) ........................ 22 
Figure 1.15   Diagrammatic model illustrating the Prairie evaporite dissolution and 
development of the thick Bakken in the Elm Coulee area. (A) Following 
Three Forks deposition, uplift occurred on flanks of the basin and 
meteoric recharge initiates the dissolution of Prairie salts. (B) Thick 
Bakken is deposited as a result of additional accommodation space in 
the Elm Coulee area. Mixing of meteoric and saline waters may 
dolomitize the middle member. (Sonnenberg and Pramudito, 2009). . 23 
Figure 2.1   Core photograph of Three Forks Formation: Facies 1.  The picture 
displays the reddish-brown siltstone with lighter colored breccia clasts 
present in the Bullwinkle-Yahoo core. ................................................ 33 
Figure 2.2   Core photographs of Three Forks Formation: Facies 2.  Picture A 
displays darker colored laminations, and Pictures B and C display the 
massive texture .................................................................................. 33 
Figure 2.3   Core photographs of Three Forks Formation: Facies 3.  Pictures 
displays the reddish-brown/tannish-pink mottled texture .................... 34 
Figure 2.4   Core photographs of Three Forks Formation: Facies 4.   A and B 
display the thinner layers/laminations, while picture C and D display 
the thicker and more massive layers. ................................................. 34 
Figure 2.5   Core photographs of Bakken Formation: Pronghorn Member.  Picture 
A displays the possible storm deposit in Stockade Jayla and picture B 
(wet surface) displays the bioturbation and lighter colored clasts in 
Peanut-Jimmy .................................................................................... 35 
Figure 2.6   Core photographs of Bakken Formation: Lag Member.  Picture A, B, 
and C display pyritized fossil lags.  The lag in Bullwinkle Yahoo (picture 
B) also includes large pyrite nodules.  Picture D displays a thin pyrite 





Figure 2.7   Core photographs of Bakken Formation: Lower Bakken Member.  
Picture B displays the transition from Three Fork: Facies 2 into Lag 
and into Lower Bakken Member ......................................................... 35 
Figure 2.8   Core photographs of Middle Bakken Member: Facies A.  Pictures 
display the presence of brachiopod fragments within the dark grey 
dolomitic siltstone. .............................................................................. 36 
Figure 2.9   Core photographs of Bakken Formation: Middle Bakken Member 
Facies B.  Pictures display the bioturbation within the brownish-grey 
dolomitic siltstone. .............................................................................. 36 
Figure 2.10   Core photographs of Bakken Formation: Middle Bakken Member 
Facies E.  Pictures display the wavy and planar laminations within the 
grey dolomitic sandstone .................................................................... 36 
Figure 2.11   Core photographs of Bakken Formation: Middle Bakken Member 
Facies F.  Pictures display the lighter colored wavy and planar 
laminations within the grey dolomitic sandstone.  Picture A displays the 
mottled texture and picture D displays the presence of brachiopod 
fragments and crinoids ....................................................................... 37 
Figure 2.12   Core photographs of Bakken Formation: Upper Bakken Member. 
Picture A displays silty laminations, picture B displays a silty layer with 
pyrite filled vertical fracture, and picture C displays open horizontal 
fractures ............................................................................................. 37 
Figure 2.13   Core photographs of Lower Lodgepole Formation: Scallion Member.  
Pictures display the presence of crinoids and stylolites within the grey 
limestone ............................................................................................ 38 
Figure 2.14   Core photographs of Lower Lodgepole Formation: False Bakken 
Member.  The picture displays how it is moderately fractured. ........... 38 
Figure 3.1   Location map of the 10 cores.  The green circles represent the cores 
described in this study, and the blue circles represent the cores 
described by Alexandre (2012).  Outlined in red is the Richland County 
line ...................................................................................................... 40 
Figure 3.2   Core description legend with the symbols used for the 6 core 
descriptions (Figures 3.3, 3.4, 3.5, 3.6, 3.7, and 3.9) (Modified from 
Cobb, 2013) ........................................................................................ 41 
Figure 3.3   Core photographs of Three Forks: Facies 2 displaying the wavy 
laminations/layers. Below the lag are well defined ripples .................. 48 
Figure 3.4   Digitized core description of the Stockade-Jayla well. See Figure 3.2 





Figure 3.5   Digitized core description of the Peabody-Minifie well. See Figure 3.2 
for core description legend ................................................................. 50 
Figure 3.6   Digitized core description of the Peanut-Jimmy well. See Figure 3.2 for 
core description legend. ..................................................................... 51 
Figure 3.7   Digitized core description of the Bullwinkle-Yahoo well. See Figure 3.2 
for core description legend. ................................................................ 52 
Figure 3.8   Digitized core description of the Coyote-Putnam well. See Figure 3.2 
for core description legend. ................................................................ 53 
Figure 3.9   Digitized core description of the Nevins well. See Figure 3.2 for core 
description legend .............................................................................. 54 
Figure 3.10   Cross section from West to South East of the described cores from 
Elm Coulee Field.  It displays the uniform thickness of Facies B, the 
absent of Pronghorn, Lower Bakken Member, and MBM: Facies A in 
Peabody-Minifie, and the pinch-out of Lower Bakken Member to the 
South .................................................................................................. 56 
Figure 3.11   X-ray diffraction analysis plot of the minerals quartz/silica, dolomite, 
and calcite present in the cores. Shows that the dolomitization of the 
Bakken Formation is not uniform, and that the upper interval has 
undergone more dolomitization than the lower interval. ..................... 59 
Figure 3.12   Porosity and permeability plot of the Bakken Formation.  Show that the 
upper interval has the highest porosity and permeability, especially 
MBM Facies B. ................................................................................... 60 
Figure 3.13   Water saturation and oil saturation plot of the Bakken Formation.  
Shows that the lower interval consist of high water saturation and low 
oil saturation, while the upper consist of lower water saturation and 
higher oil saturation, where MBM Facies B has the largest oil 
saturation ............................................................................................ 61 
Figure 4.1   Upper Bakken Member structure maps of the Elm Coulee Field 
(secondary study area) showing a dip to the southeast.  No large 
structural features are present, only a few noses and bends are 
observed within the maps contours. Contour interval is 50 feet. Green 
circles represent core locations. ......................................................... 65 
Figure 4.2   Isopach map of the Upper Bakken Member.  The map displays that 
UBM most common thickness across the Elm Coulee Field is between 
5-10 feet.  Contour interval is 5 feet. Green circles represent core 





Figure 4.3   Isopach map of the Middle Bakken Member showing a NW-SE 
thickness anomaly and how the MBM thins to the south.  Contour 
interval is 5 feet. Green circles represent core locations. ................... 67 
Figure 4.4   Isopach map of the Lower Bakken Member showing its thin 
appearance across the Elm Coulee Field. Its most common thickness 
across the field is between 0-5 feet. Contour interval is 5 feet. Green 
circles represent core locations .......................................................... 68 
Figure 4.5   Isopach map of the Bakken Formation showing Elm Coulee Field’s 
NW-SE trending depocenter with a maximum thickness of around 50 
feet. Contour interval is 5 feet. Green circles represent core locations.
 ........................................................................................................... 69 
Figure 4.6   NW-SE cross section across the Bakken Formation’s depocenter at 
Elm Coulee Field showing the continuous thick thickness of the Middle 
Bakken Member ................................................................................. 70 
Figure 4.7   N-S cross section over the western half of the Elm Coulee Field 
showing how the Middle Bakken Member are thick across the NW-SE 
thickening anomaly and then thins to the south. ................................. 71 
Figure 4.8   N-S cross section across the eastern half of the Elm Coulee Field 
showing how the Bakken Middle Member is thick across the NW-SE 
thickness anomaly and then thins to the south ................................... 72 
Figure 5.1   Seismic well ties within the Vaux 3D seismic survey.  Left image 
provided by SM Energy and right image is the seismic well tie 
generated in Petrel. ............................................................................ 74 
Figure 5.2   SM Energy seismic well tie within the Vaux 3D seismic survey.  
Showing the ties between formations and seismic reflectors ............. 75 
Figure 5.3   Seismic profile from Vaux 3-D seismic survey inline 239 ................... 76 
Figure 5.4   Seismic profile from Vaux 3-D seismic survey inline 239 with horizons: 
Greenhorn Fm. (green), Charles Fm. (orange), Bakken Fm. (purple), 
Three Forks Fm. (yellow), Dawson Bay (pink), and Winnipeg (light 
blue). .................................................................................................. 77 
Figure 5.5   Time-structure map of the Bakken Formation showing the subtle 
structural highs and lows present within the three 3-D seismic surveys
 ........................................................................................................... 81 
Figure 5.6   The Greenhorn Fm. – Winnipeg Fm. isochron map. Shows multiple 
circular isochron thins, where the circular thins are related to basement 





Figure 5.7   The Charles Fm. – Winnipeg Fm. isochron map. Shows multiple 
circular thins, where the circular thins are related to basement 
structural highs ................................................................................... 83 
Figure 5.8  The Bakken Fm. – Winnipeg Fm. isochron map. Shows multiple 
circular thins, where the circular thins are related to basement 
structural highs.  In addition it displays possibly a NW-SE thickening 
trend. .................................................................................................. 84 
Figure 5.9   The Charles Fm. – Bakken Fm. isochron map. Shows an interval with 
various thickness.  No defined trends identified. ................................ 85 
Figure 5.10   The  Bakken Fm. – Three Forks Fm. isochron map. Shows an interval 
with various thickness.  The thicks appear to have a NE-SW and W-E 
and are a result of the seismic acquisition. ......................................... 86 
Figure 5.11   The Bakken Fm. – Dawson Bay Fm. isochron map. Shows a thick that 
appears to be trending NE-SW. .......................................................... 87 
Figure 5.12   The Three Forks Fm. – Dawson Bay Fm. isochron map. Shows a NE-
SW thickness trend. ............................................................................ 88 
Figure 5.13   The Dawson Bay Fm. – Winnipeg Fm. isochron map. Shows a NE-SW 
thinning trend. ..................................................................................... 89 
Figure 5.14   Comparison of subsurface data, well log data to 3-D seismic data. The 
thickness anomaly identified in the seismic data relates well to the NW-
SE Middle Bakken Member thickness anomaly displayed using well log 
data, the seismic thickness anomaly being located on the southern part 
of the MBM thickness anomaly. .......................................................... 90 
Figure 5.15   Seismic volume attributes tested in an attempt to extract basement 
related faults.  All images are from the Vaux survey time slice -2400.  
See Appendix B Figure  B-6 to B-10 for larger scale images. ............ 97 
Figure 5.16   Workflow step 1. Structural smoothing of original seismic data to 
increase the continuity of the seismic reflectors. ................................ 98 
Figure 5.17   Workflow step 2. Generate variance cube to enhance the spatial 
discontinuities. .................................................................................... 99 
Figure 5.18   Workflow step 3. Generate AntTracking cube to extract 
discontinuities/faults.  The AntTracking reveals laterally small 
discontinuities/faults with two dominant trend directions: NE-SW, and 
NW-SE. ............................................................................................ 100 
Figure 5.19   Workflow step 4. Validation of the discontinuities/faults.  The 
discontinuities/faults identified by the AntTracking have dominantly 
either a NW-SE or NE-SW trend which corresponds well to previous 





Figure 5.20  Discontinuities/faults trends present in the three seismic surveys on 
time slice -2050 (~Bakken).  Four trends: NE-SW (blue), NW-SE 
(green), W-E (orange), and N-S (purple).  The two most dominant 
trends are NE-SW and NW-SE. ....................................................... 102 
Figure 5.21   Minimum curvature map of the Bakken horizon (scale 1: 50,000). 
Interpreted fractures are displayed on the map to the right. Red 
fractures are NE trending and yellow fractures are NW trending. Rose 
plot shows dominate northeast trend of interpreted fractures (Angster, 
2010). ............................................................................................... 103 
Figure 5.22   Conceptual fracture model of Elm Coulee Field. Green lines represent 
the regional fracture fabric oriented NE-SW (maximum principal 
stress), orange lines represent the orthogonal NW-SE fractures, and 
the blue ovals represent fracture swarm trends (Almanza, 2011). ... 104 
Figure 5.23   Discontinuities/faults superimposed onto a production map showing 
initial production trends with a N60E bias where the bias data trend 
highlights the fracture swarms. Most of the discontinuities/faults are 
within the fracture swarms. Yellow circles indicates areas of high 
discontinuities/faults and high production.  Orange circles indicates 
areas of low high discontinuities/faults and high production (modified 
from Almanza, 2011). ....................................................................... 104 
Figure 5.24   Discontinuities/fault superimposed onto a Middle Bakken SoPhiH Map 
indicating the most petrophysically prospective areas of Elm Coulee 
Field. Most Discontinuities/fault are within the 0.25 SoPhiH line. Yellow 
circle indicates an area of high discontinuities/fault intensity over an 
area of high SoPhiH (modified from Almanza, 2011) ....................... 108 
Figure 5.25   Seismic profile from Vaux inline 239 showing the Bakken and the 
Three Forks horizons.  The Bakken is picked on a semi-discontinuous 
trough with moderate amplitudes (extremely vertically stretched and 
horizontally squeezed profile) ........................................................... 108 
Figure 5.26   RMS Amplitude map overlaid with Bakken discontinuities/faults which 
were identified using AntTracking. .................................................... 109 
Figure 5.27   Comparison of the RMS amplitude map to a production map of Elm 
Coulee.  No relationship was identified between the amplitude 
brightness and production (modified from Enerplus, 2013) .............. 110 
Figure A-1   Middle Bakken Member structure maps of the Elm Coulee Field 
(secondary study area) showing a dip to the southeast.  No large 
structural features are present, only a few noses and bends are 
observed within the maps contours. Contour interval is 50 feet. Green 





Figure A-2   Lower Bakken Member structure maps of the Elm Coulee Field 
(secondary study area) showing a dip to the southeast.  No large 
structural features are present, only a few noses and bends are 
observed within the maps contours. Contour interval is 50 feet. Green 
circles represent core locations. ....................................................... 119 
Figure A-3   Upper Three Forks structure maps of the Elm Coulee Field (secondary 
study area) showing a dip to the southeast.  No large structural 
features are present, only a few noses and bends are observed within 
the maps contours. Contour interval is 50 feet. Green circles represent 
core locations. .................................................................................. 120 
Figure B-1   Time-structure map of the Greenhorn Formation ............................. 121 
Figure B-2   Time-structure map of the Charles Formation .................................. 122 
Figure B-3   Time-structure map of the Three Forks Formation ........................... 123 
Figure B-4   Time-structure map of the Dawson Bay Formation .......................... 124 
Figure B-5   Time-structure map of the Winnipeg Formation ............................... 125 
Figure B-6   3D Curvature volume attribute. Vaux survey time slice -2400 ms .... 126 
Figure B-7  Chaos volume attribute. Vaux survey time slice -2400 ms ............... 127 
Figure B-8   Variance volume attribute. Vaux survey time slice -2400 ms ........... 128 
Figure B-9   Dip deviation volume attribute. Vaux survey time slice -2400 ms ..... 129 
Figure B-10   Ant tracking volume attribute. Vaux survey time slice -2400 ms ....... 130 
Figure B-11   Vaux RMS Amplitude maps showing the difference between the three 
interval parameters used when creating surface attribute maps ...... 131 
Figure B-12   RMS Amplitude map of the Bakken horizon ..................................... 132 
Figure B-13   Average Energy map of the Bakken horizon .................................... 133 
Figure B-14  Average Magnitude map of the Bakken horizon ............................... 134 
Figure B-15   Maximum Magnitude map of the Bakken horizon ............................. 135 
Figure B-16   Maximum Amplitude map of the Bakken horizon ............................. 136 








LIST OF TABLES 
Table 1.1   List of the 10 cores including API/UWI number, county, state, location, 
and core intervals available for this study .............................................. 4 








This thesis is dedicated to Dr. Volker W. Gobel, Professor of Geology at Stephen F. 
Austin State University, who received his Ph.D in Geology from Colorado School of 
Mines.  Dr. Gobel has been a great mentor of mine since I began my academic career 
studying geology at Stephen F. Austin State University as an undergraduate.  Thank 
you Dr. Gobel for encouraging me to pursue a graduate degree in geology, showing 
your interest and support in my research at Colorado School of Mines, and teaching me 








I would like to express my sincere gratitude for all those who have made this research 
possible.  I am very grateful to my thesis advisor, Dr. Steve Sonnenberg, for giving me 
the opportunity to be a part of the Bakken Research Consortium, at the Colorado 
School of Mines.  I would like to thank Steve Sonnenberg, Marsha French, John 
Humphrey, and Rick Sarg for serving on my thesis committee and for providing valuable 
guidance and words of encouragement.  A special thanks to Marsha for reviewing my 
work so carefully and providing positive feedback which helped motivate me to focus on 
completing my work.  I would like to thank all the consortium sponsors for providing 
research data and financial support for this research.  Last but not least, I would like to 
thank my family for their love, support, and always believing in me, especially my 
husband, Andrew McCann, for always supporting me and pushing me to work hard 








The Elm Coulee Field in the Williston Basin is productive from the Bakken 
Petroleum system.  The discovery and development of this field started in 2000 with the 
horizontal drilling of the middle member of the Devonian-Mississipian Bakken 
Formation.  Today, the Elm Coulee Field is one of the largest oil fields in Williston Basin 
and has an estimated ultimate recovery of 200-250 MMBO (Alexandre, 2011).   
The Bakken Formation at Elm Coulee Field consists of three members: (1) Upper 
Bakken Member – organic-rich shale, (2) Middle Bakken Member – dolomitic siltstone 
(main reservoir), and (3) Lower Bakken Member – dolomitic siltstone (elsewhere in the 
basin it is an organic-rich shale).  Previous research by Chloe Alexandre (2011) has 
indicated that the Bakken diagenetic history has played a major role in the middle 
Bakken member’s reservoir quality.  The reservoir is composed of a dolomite-rich rock 
with enhanced secondary porosity.  Other factors that can possibly also play important 
roles related to hydrocarbon accumulation in the Bakken Petroleum System (BPS) at 
the Elm Coulee field are: 1) basement structural trends such as faults and fractures 
acting as conduits for migration of fluids, and 2) salt dissolution of the Prairie Salt 
creating additional accommodation space for the Middle Bakken Member reservoir. 
 Purpose and Objectives 1.1
The objective of this study is to complete a structural and stratigraphic analysis of 
the Bakken Formation at the Elm Coulee Field.  The purpose of this study is to 





and determine if it is related to basement tectonics and/or Prairie Formation salt 
dissolution.  The timing of Prairie salt dissolution is important as it might explain the 
anomalous thickness of the Middle Bakken Member if dissolution occurred during 
Bakken deposition.  If basement structural faults and fractures are acting as migration 
pathways for liquids they could provide inflow of subsurface water to the Prairie 
Formation and cause salt dissolution.  The study will focus on identifying: 1) formations 
and facies, 2) thickness anomalies, and 3) faults.  This study will utilize subsurface 
cores, well log data, and 3-D seismic. 
 Study Area 1.2
The Elm Coulee Field is located at the southwest margin of the Williston Basin in 
Richland County, Montana, and covers over 500 sq. miles (Figure 1.1).  The primary 
study area (Figure 1.4) is within the four townships: T23N R57E, T23N R58E, T22N 
R57E, and T22N R58E.  Within these four townships, three 3-D seismic surveys and 94 
digital well logs were available for interpretation.  The secondary study area (Figure 1.2) 
consists of 10 cores which are spread throughout the Elm Coulee Field, with three of 
the cores being located within the primary study area.   
 Data and Research Methods 1.3
This thesis focuses on identifying factors influencing the hydrocarbon 
accumulation of the Bakken Petroleum System in the Elm Coulee Field by studying 








Figure 1.1  Location map of Elm Coulee Field, Richland County, Montana. Elm Coulee 
Field outlined in yellow (modified from Sonnenberg, 2011).   
 
1.3.1 Cores 
A total of 10 cores (Figure 1.2 and Table 1.1) were available for this study.  Out 
of the 10 cores, four cores had been described by previous Colorado School of Mines 
student Chloe Alexandre while the following six cores were described by myself and 
Ellen Fehrs: Stockade-Jayla, Peabody-Minifie, Peanut-Jimmy, Bullwinkle-Yahoo, 
Coyote-Putnam, and Nevins (Table 1.1).  For each core facies, boundaries, lithologies, 
features present on the core surface, and level of bioturbation was identified.  The core 
descriptions were digitized and cross-section correlations were created to identify any 
thickness anomalies.  The software used to digitize the core descriptions was Adobe 






Figure 1.2 Location map of the 10 cores (secondary study area).  The green circles 
represent the cores available for this study.  Outlined in red is the Richland County line 
and outlined in yellow is Elm Coulee Field. 
Well Name API/UWI County, State Location Core Interval (ft) 
Stockade-Jayla 250832273700 Richland, MT T25N R51E  
Section 32 
9706-9767 
Peabody-Minifie 250832243200 Richland, MT T24N R56E  
Section 26 
10407-10439 
Peanut-Jimmy 250832243200 Richland, MT T24N R57E  
Section 22 
10428-10488.5 
Bullwinkle-Yahoo 250832273600 Richland, MT T24N R57E 
Section 4 
10430-10520 
Coyote-Putnam 250832283700 Richland, MT T23N R57E  
Section 9 
10335-10395.3 
Nevins 250832178400 Richland, MT T23N R56E  
Section 12 
10580-10612.5 
Jackson-Rowdy 250832279300 Richland, MT T26N R51E  
Section 3 
7623-7664 
Brutus East-Lewis 250832250700 Richland, MT T24N R57E  
Section 3 
10374-10420 
Foghorn-Ervin 250832273900 Richland, MT T23N R58E  
Section 20 
10498-10535 
RR Lonetree-Edna 250832269500 Richland, MT T23N R56E  
Section 1 
10383-10415 
Table 1.1  List of the 10 cores including API/UWI number, county, state, location, and 
core intervals available for this study. 
 





1.3.2 Well Logs 
Within the secondary study area, a total of 425 digital well logs were available, 
where 94 of the digital well logs were located within the primary study area (Figure 
1.3A).  For each well, four formation tops were picked; Upper Bakken Member, Middle 
Bakken Member, Lower Bakken Member, and Three Forks Formation (Figure 1.3B).  
The Upper Bakken Member is easy to identify on well logs due to its high gamma spike.  
The Upper Bakken Member formation top was picked on the top of the gamma ray 
spike, while the Middle Bakken Member formation top was picked on bottom of the 
gamma ray spike.  The Lower Bakken Member is much thinner than the Upper Bakken 
Member and is identified by a moderately high gamma ray spike at the end of the 
downward increasing gamma ray of the Middle Bakken Member.  The Three Forks is 
located directly below and picked on the base of the above gamma ray spike.  After 
picking formation tops, structure and isopach maps were created to identify possible 
thickness anomalies.  The software used for the well log interpretation was Petra 
version 3.8.30. 
1.3.3 3D Seismic 
For the study, three 3-D seismic surveys were available within the primary study 
area; Vaux, Intake II, and South Fork (Figure 1.4).  The surveys do not overlap but are 
located next to each other.  In size the surveys are: Vaux – 19.66 mi2, Intake II – 9.69 
mi2, and South Fork – 21.77 mi2.  After a seismic well tie was created, the following 
seven horizons were picked; Greenhorn Fm., Charles Fm. (base last salt), Bakken Fm., 
Three Fork Fm., Dawson Bay Fm., and Winnipeg Fm.  For each horizon, time structure 















Figure 1.3  Digital well logs within study area.  Figure A displays the digital well logs 
within the primary and secondary study area.  Figure B displays the well log 
characteristic and formation top picks in the Bullwinkle-Yahoo well located within the 
primary study area in T24N R57E Section 4. 
4 Townships – 94 Digital Well 
Logs 
 
Primary Study Area 
Secondary Study Area 
Elm Coulee Field – 425 Digital Well 
Logs 
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A 
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Middle Bakken Member 
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Figure 1.4  Map of the primary study area outlining the 3D seismic surveys in blue  
(SM Energy, 2012). 
 
were created to identify possible thickness anomalies.  In addition, attempts to map 
basement faults were done using various volume attributes and to extract seismic 
characteristics of the Bakken Petroleum System using surface attributes. The software 
used for seismic interpretation was Petrel 2011.2.6. 
 Geologic Overview 1.4
“The Williston Basin is an intracratonic, structural, and sedimentary feature that 
overlies the Superior Craton, the Trans-Hudson orogenic belt, and the Wyoming Craton 
in the United States and Canada” (Pitman et al., 2001).  The basin has an oval shape 
and covers approximately 133,000 mi2.  In the United States, the basin occupies 
eastern Montana, western North Dakota, and western South Dakota, and in Canada it 





covers southern Saskatchewan, and south-western Manitoba.  Stated by Gerhard et al. 
(1990) “the Williston Basin probably originated as a craton-margin basin, but later during 
the Cordilleran orogeny it transformed into an intracratonic basin”.   
1.4.1 Sedimentation and Stratigraphy 
Sedimentation in the Williston Basin occurred throughout most of the 
Phanerozoic.  The sedimentation in the basin occurred in a cyclical sequence of 
transgressions and regressions where carbonates and clastics were deposited.  
Carbonates were primarily deposited during the Paleozoic era and clastics during the 
Mesozoic and Cenozoic era (Pitman et al., 2001, Sonnenberg and Pramudito, 2009).  At 
the time of Bakken Formation, deposition the Williston Basin was located in tropical 
regions near the equator along the western margin of pre-North America (Figure 1.6) 
(Alexandre, 2011). 
The Bakken Petroleum System (BPS) is an upper Devonian to lower 
Mississippian system consisting of the upper Three Forks, Bakken (Upper Bakken 
Member, Middle Bakken Member, and Lower Bakken Member), and lower Lodgepole 
(the False Bakken and the Scallion members) Formations.  The system consists of 
source beds in the lower Lodgepole (False Bakken), and upper and lower Bakken, and 
reservoirs in the lower Lodgepole, Bakken, and upper Three Forks Formations.   
Stratigraphically, the Bakken Formation overlies the Three Forks Formation and 
underlies the lower Lodgepole Formation (Figure 1.5, and 1.7).  In addition, the 
Pronghorn Formation occurs locally within the Williston Basin between the upper Three 





Forks Formation by unconformable contacts with exception of the center part of the 
basin where the contact is conformable.  The Lower Bakken Member and Middle 
Bakken Member are separated by an unconformable contact.  While the contacts 
between Middle Bakken Member and Upper Bakken Member, and Upper Bakken 
Member and lower Lodgepole Formations are conformable (Smith et al., 1995; Smith, 
1996).  
The Bakken Formation ranges in thickness from 0 feet to over 140 feet near the center 
of the basin in North Dakota, east of the Nesson Anticline.  From its maximum thickness 
it thins out depositionally and erosionally towards the margins in the north, south, and 
east and has an onlapping relationship with the underlying Three Forks Formation 
(Smith and Bustin, 2000; Sonnenberg and Pramudito, 2009).   At Elm Coulee Field, the 
Bakken interval ranges in thickness from 10-50 feet, where the different Bakken 
member’s thicknesses range from:  upper member 6-10 feet, middle member 10-40 
feet, and lower member 2-6 feet (Sonnenberg and Pramudito, 2009).  Overall the 
Bakken Formation at Elm Coulee has a thickness trend to the northwest.   Factors that 
have influenced the thickness variations in the Bakken are varying depositional rates, 
paleostructures created by basement fault movement and/or Devonian Prairie salt 
dissolution, and onlap of units towards the basin edge (Sonnenberg and Pramudito, 
2009).   
The deposition of the Bakken Formation in the Williston Basin was initiated by a 
marine transgression due to tectonic activity in the Antler and Acadian orogenic belts 
(Sandberg et al., 1982).  The lower and upper members of the Bakken Formation were 






Figure 1.5  Stratigraphic Column of the Williston Basin. Bakken Formation outlined in 














Figure 1.6  Paleogeographic map showing the location of the Williston Basin during the Late Devonian-Early 
Mississippian (360 Ma).  At this time, the basin was located in tropics near the equator.  Williston Basin outlined in 















Figure 1.7 Schematic cross section across the Williston Basin showing three members 
of the Bakken Formation and the onlapping relationship with the Three Forks Formation 
(modified from Sonnenberg and Pramudito, 2009). 
 
anaerobic water conditions (Webster, 1982, 1984; LeFever et al., 1991; Smith, 1996; 
Pitman et al. 2001).   
The anaerobic water conditions are believed to have been related to a stratified 
hydrologic regime, where the anaerobic water conditions are indicated by the presence 
of pyrite, high organic-matter content, and rare benthic fauna in the shales (Pitman et 
al., 2001).  The deposition of the middle Bakken member occurred after a rapid sea-
level fall, in a shallow marine environment (Pitman et al., 2001).  Its water conditions are 
indicated to have been well oxygenated and occasionally dysaerobic based on the 
middle Bakken members argillaceous, greenish-grey, highly fossilferous, pyritic 






The Williston basin overlies the Superior Craton (Archean) to the East, the Trans-
Hudson orogenic belt (Proterozoic) in the center, and the Wyoming Craton to the west 
(Figure 1.8).  The three Precambrian geologic provinces came together as a result of 
the Trans-Hudson orogeny, a Proterozoic continental collision that welded the Wyoming 
Craton to the Superior Craton, and formed the Trans-Hudson orogenic belt.   
The Williston Basin has several prominent structural features that are dominantly 
trending either north or northwest (Figure 1.8).  North-trending structural features 
include the Nesson, Billings, and Little Knife anticlines.  Northwest-trending structural 
features include the Cedar Creek, Antelope, and Poplar anticlines (Sonnenberg et al., 
2011).  The structural features have dramatically influenced Bakken depositional 
patterns and influenced hydrocarbon migration within the Bakken Petroleum System 
(Sonnenberg and Pramudito, 2009).  There are no large structural features present in 
the Elm Coulee Field, but some subtle structural noses have been identified on maps 
(Sonnenberg and Pramudito, 2009).  These subtle structural features can be related to 
basement fault systems and/or Prairie Salt dissolution (Sonnenberg and Pramudito, 
2009).   
1.4.3 Bakken Petroleum System 
The Mississipian-Devonian Bakken Petroleum System is one of seven petroleum 
systems in the Williston Basin and is a giant unconventional oil play.  According to a 
U.S. Geological Survey assessment, a mean of 7.38 billion barrels (BBO) of 
undiscovered, technically recoverable oil  exists in the Bakken Petroleum System, 3.65 






Figure 1.8  Map of the Precambrian provinces that underlie the Williston Basin and 
prominent structural features present within the basin (Sonnenberg et al., 2011)   
 
The Bakken Petroleum System is a source rock-reservoir couplet system, 
consisting of both tight reservoir and rich, mature source rocks (Grau et al., 2011).  It is 
considered an unconventional system due to its low porosity (middle Bakken member: 
3-9%) and permeability (middle Bakken member average: 0.04 md) and pervasive 
hydrocarbon saturation (Sonnenberg and Pramudito, 2009; Sonnenberg et al., 2011).  
Hydrocarbons generated in the petroleum system have remained in cracks, fractures, 
parting laminae, and matrix porosity in the system’s source rocks and reservoirs 





The petroleum system consists of organic-rich source beds in the Bakken 
Formation (upper member and lower member) and Lower Lodgepole Formation (False 
Bakken), and reservoirs in the Lower Lodgepole Formation, Bakken, and Upper 
ThreeForks Formation (Figure 1.9) (Sonnenberg and Pramudito, 2009).  The main 
source beds in the petroleum system are the organic-rich lower and upper Bakken 
members.  They are considered “world class” source rocks because of their high total 
organic carbon content (TOC) averaging 11 weight percent TOC across the basin, 
which by volume equals about 21.5 percent organic matter (Meissner, 1978; 
Sonnenberg et al., 2011).  The upper Bakken shale generally ranges from 10-16 weight 
percent TOC, while the more organic-rich lower Bakken shale ranges from 10 weight 
percent up to as much as 22 weight percent TOC (Sonnenberg, 2011).  The source 
beds in the lower Lodgepole (False Bakken) have less TOC compared to the Bakken 
and range between 2-8% weight percent TOC (Sonnenberg, 2011). 
The kerogen in the Bakken is mainly type I and II (sapropelic) based on the 
hydrogen and oxygen index, but type III kerogens are also present along the shallow 
east flank of the basin (Figure 1.10) (Sonnenberg, 2011).  It is an amorphous kerogen 
consisting of 70-95% amorphous material, 0-20% herbaceous material, up to 30% coaly 
material, and 5% woody material (Sonnenberg, 2011; Sonnenberg et al., 2011).  The 
amorphous high hydrocarbon-generating capability in the Bakken Petroleum System 
indicates that the amorphous material has an algal origin (Webster, 1984; Sonnenberg, 
2011). 
The maturity of the source rock in the Bakken Petroleum System is not the same 






Figure 1.9  Generalized stratigraphic column for the Bakken Petroleum System 






Figure 1.10  Modified van Krevelen diagram for the Bakken Formation.  Published data 
from Webster (1984) and Price et al. (1984).  Majority of samples indicate a Type I and 
II oil-prone kerogen (algal origin).  Legend shows source rock data by depth interval. HI 
is hydrogen index (S2/TOC).  OI is oxygen index (S3/TOC) (Sonnenberg, 2011).   
 
source rock maturity is higher in the west and lower in the east and as a result the 
source rock maturity line slopes from west to east across the basin (Sonnenberg et al., 
2011).        
According to Nordeng (2009), the Bakken Petroleum System is thought to have 
created a continuous type of accumulation in the deeper parts of the Williston Basin.  “A 
continuous accumulation is a hydrocarbon accumulation that has some or all of the 






Figure 1.11  West to east diagrammatic cross section of the Bakken petroleum system.  
Hydrocarbon generation creates overpressures in the lower Lodgepole to upper Three 
Forks interval.  The maturity line slopes across the basin because of changes in 
geothermal gradients.  The overpressured interval is shown by the dashed line.  
Overpressuring is thought to contribute to natural fracturing (Sonnenberg et al., 2011).  
 
well-defined oil or gas-water contact; diffuse boundaries; commonly abnormally 
pressured (associated with mature source rock); a large in-place resource volume but a 
low recovery factor; little water production; geologically controlled sweet spots; 
reservoirs commonly in close proximity to mature source rocks; reservoirs with low 
matrix permeabilities; and water occurring up-dip from hydrocarbons” (Sonnenberg et 
al., 2011).   According to Sonnenberg et al. (2011) the Bakken Petroleum System has 
all of these characteristics.  
Fractures play a major role in the Bakken Petroleum System as they enhance the 
reservoir quality of the source rocks and tight reservoirs (Pitman et al., 2001; 
Sonnenberg et al., 2011).  Multiple types of fractures occur on macroscopic and 
microscopic scales and are most abundant in the lower and middle Bakken member 





identified: tectonic fractures; regional fractures; and expulsion fractures (Pitman et al., 
2001).   In the Bakken Petroleum System, the best production comes from 
microfractures related to hydrocarbon generation (Figure 1.12), combined with larger 
scale regional fractures that are either structural-related or stress-related (LeFever, 
1992, Sarg, 2012).   
    
Figure 1.12  Schematic illustration of microfracture induced by oil generation 
(Sonnenberg et al., 2011). 
 
1.4.4 Prairie Formation 
Stratigraphically throughout the Williston Basin there are several major and minor 
salts from different time periods such as Silurian, Devonian, and Mississippian.  The 
Prairie Formation is the most significant salt that occurs within the basin and is located 
850-1000 ft. beneath the Bakken in the Elm Coulee Field (LeFever and LeFever, 2005; 
Sonnenberg and Pramudito, 2009).  Several fields within the basin have hydrocarbon 
accumulations associated with salt collapse due to salt dissolution, such as the 





Field, and Benrud field in Montana (LeFever and LeFever, 2005).  Dissolution of the 
Prairie Salt has occurred multiple times and one occurred during the deposition of the 
Bakken sediments (Sonnenberg and Pramudito, 2009).  As a result, the Prairie Salt has 
had and continues to have a strong influence on the overlying sediments, including the 
middle Bakken member (LeFever and LeFever, 2005).  
The Prairie Formation is Devonian in age and is subdivided into four members: 
Ratner, Esterhazy, Belle Plaine, and Mountrail (Figure 1.13).  All four members are 
comprised of halite and are separated from each other by potash beds. The entire 
sequence is capped by a “Second Red Bed” which consists of red to green non-
fossiliferous dolomites and calcareous shales (Oglesby, 1988; LeFever and LeFever, 
2005).   
“Salt dissolution can occur as localized isolated features, a series of dissolution 
lenses, a channel-like structure, or as a slow moving front (dissolutional edge)” 
(LeFever and LeFever, 2005).  In regards to the Prairie Salt dissolution in the Williston 
basin Julie A. LeFever (2012) states that it can be related to two different mechanisms: 
1) movement of fresher water from the perimeter of the basin and this water travels into 
and through porous beds dissolving salt along its way, and 2) water moving upwards 
along fault zones or faults associated with tectonic boundaries allowing for the further 
dissolution of the salt.  Figure 1.15 (Sonnenberg and Pramudito, 2009) is diagrammatic 
model illustrating Prairie Salt dissolution by inflow of meteoric flow into the beds, 
dissolving out the Prairie Salt and creating additional accommodation which results in 
the Bakken thick.  An indicator that can be used in the north-central area of North 





dissolved out is the presence or absence of the Bakken Formation’s Lower Bakken 
Member.  The presence of the Lower Bakken Member indicates that the Prairie Salt has 
been dissolved out, while the absent of the Lower Bakken Member indicates that there 
is probably a remnant of the salt present (LeFever, 2012).     
SWSW Sec. 17, T157N, R91W 
True Oil Co. 
# 11-17 Kuster 
 
Figure 1.13  Typical log characteristics of the Prairie Formation showing the salt, and its 
separating potash beds shaded in green and the capping “Second Red Bed” shaded in 






Dissolution can occur as a single-stage collapse structure or as multi-stage salt 
collapse (Figure 1.14).  The single-stage collapse is the initial dissolution and causes a 
single collapse and fill.  A multi-stage salt collapse structure occurs from episodic salt 
dissolution, where the edges of the previous salt edge event is being dissolved and can 
cause collapse in beds overlying the single-stage collapse structure.  When this occurs, 
the overlying strata collapse around the single-stage collapse structure, forming drape 
folds.  This causes the previously negative single-stage collapse structure to be inverted 
to a positive multi-stage salt collapse structure (Oglesby, 1988; LeFever and LeFever, 
1995). 
 
Figure 1.14  Multi-stage collapse structure resulting from episodic salt dissolution, 
showing drape folding of overlying beds.  Note infill-thickening of the single-stage 

















Figure 1.15  Diagrammatic model illustrating the Prairie evaporite dissolution and development of the thick Bakken 
in the Elm Coulee area. (A) Following Three Forks deposition, uplift occurred on flanks of the basin and meteoric 
recharge initiates the dissolution of Prairie salts. (B) Thick Bakken is deposited as a result of additional 
accommodation space in the Elm Coulee area. Mixing of meteoric and saline waters may dolomitize the middle 




 Previous Work 1.5
There has been extensive research on the Williston Basin and the Bakken 
Petroleum System in the past decade.  Some of the previous work that has been found 
useful are listed below: 
1.5.1 LeFever and LeFever, 2005: Salts in The Williston Basin, North Dakota 
This study used 5600 wirelines logs to identify 24 major and minor salts from 
Silurian through Jurassic age.  By using the wireline log data, the authors created 
isopach maps of all salts which they used to identify areas of salt dissolution by linking 
thinning on the salt isopach maps with thicker compensating sections in the overlying 
strata.  In regard to the Prairie Salts, the study concluded that it is the thickest single 
salt present within the North Dakota portion of the Williston Basin.  They also concluded 
that the entire limit of the Prairie salt results from dissolution.  The authors also noticed 
that the features common to most areas of dissolution were the presence of fractures 
and faults.  The publication describes different methods used to recognize salt 
dissolution and proposed models for salt dissolution.      
1.5.2 Sonnenberg and Pramudito, 2009: Petroleum Geology of the Giant Elm 
Coulee Field, Williston Basin 
This publication introduces the reader to the Bakken Formation in the Williston 
Basin and to details about the Elm Coulee Field’s stratigraphy, structures, and 
petroleum system.  In regards to the Prairie Salt, the authors hypothesize that the NW-
SE thickness increase of the middle Bakken member identified by the authors on 
wireline logs from the Elm Coulee Field is possibly related to dissolution of the Prairie 




1.5.3 Elaina Honsberger, 2013: Geophysical Insights into the Bakken: Secrets 
from a Sleeping Giant Elm Coulee Bakken Field (Sleeping Giant), Montana 
USA 
Honsberger’s study examined if 3D seismic could be used to understand Bakken 
fracture networks, and how these might relate to resource and performance indicators, 
such as Original Oil in Place (OOIP) and Estimated Ultimate Recovery (EUR).  This 
study utilized a 48 mi2 3D survey and well data.  Using the seismic data, she learned 
that two of most critical seismic picks used to characterize the structural history and 
tectonics were the Bakken and the Winnipeg.  The faults interpreted in the Winnipeg 
zone appear to be related to faults at the Bakken, and both sets of faults are part of a 
large-scale, basement-driven, regional left-lateral strike-slip system that extends across 
the Williston Basin with a primary fracture direction of ~45°NE and secondary fracture 
direction of ~60°NW.  Further, she states that the NE/SW and NW/SE faults may act as 
baffled barriers and possibly fracture propagation barriers between compartments within 
the Elm Coulee Field.  
1.5.4 Chloe Alexandre, 2011: Reservoir Characterization and Petrology of the 
Bakken Formation, Elm Coulee Field, Rickland County, MT 
This studied used cores and thin section to identify and analyze the different 
facies of the Bakken Formation to gain a better understand of the distribution of the 
facies and the diagenetics stages that have occurred within the Middle Bakken Member.  
Alexandre identified six shallow-marine facies (Facies: A, B, C, D, E, and F) within the 
Middle Bakken Member, in addition to the organic-rich Upper Bakken Member and 




“The diagenetic sequence of the Bakken begins with mechanical compaction, early 
dolomitization of the original silty lime mud in a shelfal seepage-reflux setting, and pyrite 
formation. Next came a period of dedolomitization, deeper burial-related dolomitization, 
and formation of secondary mineral cements of anhydrite, sphalerite, and quartz”.  The 
study concludes that production at Elm Coulee would not be possible if the Bakken 
Formation had not undergone a variety of diagenetic stages that have resulted in a 
dolomite-rich reservoir rock with enhanced secondary porosity.  
1.5.5 Adrian Almanza, 2011: Integrated Three Dimensional Geological Model of 
the Devonian Bakken Formation Elm Coulee Field, Williston Basin: 
Richland County Montana 
The study by Almanza included an examination of the Bakken Petroleum System’s 
reservoir properties, constructed a three-dimensional geologic model of the different 
facies and their reservoir properties, and built a fracture model which integrated the 
matrix porosity model.  Almanza’s fracture model displays regional fracture fabrics 
oriented NE-SW (maximum principal stress) with spacing of ~1,250 feet and orthogonal 
NW-SE fractures with spacing of ~2,500 feet, and NE-SW fracture swarm trends with 
spacing of ~25,000 feet. In regards to the fracture model Almanza states “The regional 
fracture fabrics determined from microseismic and 3D seismic are interpreted as having 
an influence on artificially induced fractures, but are not interpreted as major 
contributors to sweet spot production. They may contribute locally to enhanced reservoir 
properties as observed in the difference between core data and DST data. The fracture 
swarms are interpreted to have the greatest influence on fracture fabric and contribution 






Fifteen facies were observed while describing the six cores from the Elm Coulee 
Field.  The facies include Three Fork: Facies 1, 2, 3, and 4, Pronghorn, Lag, Lower 
Bakken Member, Middle Bakken Member (MBM): Facies A, B, E and F, Upper Bakken 
Member, and Lower Lodgepole: Scallion and False Bakken.  Most of the facies 
appeared similar in each core, but some variations were present and especially in MBM: 
Facies E and Facies F.  All the facies are summarized in Table 2.1. 
 Three Forks Formation: Facies 1 2.1
The Three Forks (TF) Formation: Facies 1 is a reddish-brown dolomitic siltstone 
with breccia clasts (Figure 2.1).  It is severely fractured and brecciated throughout its 
interval.  Of the six cores it was only the Bullwinkle-Yahoo core that was cored deep 
enough to encounter this facies.  In Bullwinkle-Yahoo TF Formation: Facies 1 was 
present in the bottom 15 feet of the core.    
 Three Forks Formation: Facies 2 2.2
The Three Forks (TF) Formation: Facies 2 is a reddish-brown massive dolomitic 
siltstone with some laminations (Figure 2.2).  The laminations are of a darker color.  Of 
the six cores the TF Formation: Facies 2 was encountered in Peanut-Jimmy, Bullwinkle-
Yahoo, and Coyote-Putnam. 
 Three Forks Formation: Facies 3 2.3
The Three Forks (TF) Formation: Facies 3 is a reddish-brown/tannish-pink and 









cores as it is very thin and the mottled texture may only be 2-4 inch thick, on top of the 
transition zone from the underlaying TF Formation: Facies 2. Of the six cores the TF 
Formation: Facies 2 was encountered in Peanut-Jimmy, Bullwinkle-Yahoo, and Coyote-
Putnam. 
 Three Forks Formation: Facies 4 2.4
Three Forks (TF) Formation: Facies 4 consists of green and tan wavy 
layers/laminations (Figure 2.4).  The green layers/laminations consist of mudstone and 
the tan layers/laminations consist of dolomitic siltstone. Most of the layers/laminations 
individually range in thickness between less than 1/10 of an inch to 1 inch, but also 
present are some more massive and thicker layers ranging between 1-3 inches.  In the 
Peanut-Jimmy, Bullwinkle-Yahoo, and Coyote-Putnam cores, the full interval of TF: 
Facies 4 was cored and ranged from 10 to 14 feet in thickness.  Present within the 
facies are the following features: fluid-escape structures, loading structures, and ripples.  
The upper contact into the Lower Bakken Member is very sharp and is marked by a 1-
1.5 inch lag. 
 Bakken Formation: Pronghorn Member 2.5
The Bakken Formation: Pronghorn Member is a grey dolomitic siltstone (Figure 
2.5).  Out of the six cores, the Pronghorn was only observed in Stockade-Jayla and 
Peanut-Jimmy cores due to it being an erosional remnant.  In Stockade-Jayla the 
Pronghorn was eight feet thick and had a few lighter grey layers, possible storm 
deposits, which were 1-2.5 inch thick.  While in Peanut-Jimmy it was only three feet 





 Bakken Formation: Lag Member 2.6
A lag is present between the Three Forks: Facies 4 (or Pronghorn where it is 
present) and the Lower Bakken Member in all cores (Figure 2.6). The lag is different in 
each core but has the same general characteristics such as being 0.1-1 inch thick with 
pyrite or pyritized fossils at the base and surrounded by black mudstone which transition 
to  greenish-grey.  The lag indicates a change in the depositional environment, a 
distinctive change from an oxidizing, sub-aerial environment to an oxidizing, very 
restricted marine environment (Larson, 2009).  
 Bakken Formation: Lower Bakken Member 2.7
The Bakken Formation: Lower Bakken Member is a grey dolomitic siltstone that 
can have occasional bioturbation (Figure 2.7).  From its underlying lag (black mudstone 
with pyritized fossils) it transitions into a greenish-grey color and gradually into grey.  It 
is present in the cores as a 1-2 foot interval, except from the Peabody-Minifie core and 
the Nevins core where it is absent.  In the Nevins core it is either not present or very thin 
so it is difficult to separate it from the MBM: Facies A.  The Lower Bakken Member at 
Elm Coulee Field is different from elsewhere in the basin where it is similar to the Upper 
Bakken Member.  According to Sonnenberg and Pramudito, (2009) this lower Bakken 
member facies present at the Elm Coulee Field is equivalent to the black shale facies in 
the remainder of the basin and is interpreted to be an updip-landward equivalent to 
deeper-water black shale facies.  Based on the literature, the average TOC content for 
the Upper Bakken Shale is 10-22 weight percent (Sonnenberg, 2011).   
 Bakken Formation: Middle Bakken Member Facies A 2.8




siltstone with brachiopod and crinoid fragments and can include bioturbation (Figure 
2.8).  The brachiopod fragments are located throughout and are used to define the 
gradational contact between MBM: Facies A and Facies B.  The contact in the cores 
has been defined  where the brachiopod content decreases (ends) upwards, which is 
also where the bioturbation significantly starts increasing.  Facies A thicknesses range 
from 1.5 feet to 5 feet.  
 Bakken Formation: Middle Bakken Member Facies B 2.9
The Bakken Formation: Middle Bakken Member Facies B is a brownish-grey 
dolomitic siltstone (Figure 2.9).  The facies consists of abundant clay-rich Helminthopsis 
and Scalarituba burrows, and is bioturbated throughout its entire interval.  The 
bioturbation range from 5 to 50% and generally increase from the bottom to the top.  It 
is the thickest facies and has a fairly constant thickness throughout the cores ranging 
between 19 feet to 22.5 feet. In the Elm Coulee Field this facies is the main reservoir 
facies.  
 Bakken Formation: Middle Bakken Member Facies C/E 2.10
Due to the similarities in appearance between MBM Facies C and MBM Facies E 
they have been interpreted here as one facies.  The Bakken Formation: Middle Bakken 
Member Facies C/E is a grey dolomitic siltstone/sandstone (Figure 2.10).  In general the 
facies has wavy and planar laminations and occasional burrows.  There is variability 
within this facies and some intervals (from 2-3 inches up to 5 feet) can have massive 
texture, mottled texture, or ripple structures.  In thickness it ranges from 1 foot to 7.5 




 Bakken Formation: Middle Bakken Member Facies D 2.11
The Bakken Formation: Middle Bakken Member Facies D is a grey dolomitic 
sandstone with cross stratification.  The facies was only identified in Stockade-Jayla.  In 
thickness, the facies observed was 4 feet thick. 
 Bakken Formation: Middle Bakken Member Facies F 2.12
The Bakken Formation: Middle Bakken Member Facies F is a dark grey dolomitic 
siltstone with brachiopod and crinoids (Figure 2.11).  It has lighter grey wavy and planar 
laminations and can have a mottled texture.  In thickness, the facies range from 1 foot 
to 4.5 feet, with the exception of the Nevins core where it is not present.  The upper 
contact into the Upper Bakken Member is a sharp contact. 
 Bakken Formation: Upper Bakken Member 2.13
The Bakken Formation: Upper Bakken Member is a dark organic rich shale.  It is 
moderately to highly fractured and most of the fractures are open horizontal fractures 
(Figure 2.12).  However there are also some smaller calcite/pyrite filled horizontal and 
vertical fractures.  It also has silty laminations/layers and occasional pyrite.  The upper 
contact into the Lower Lodgepole Formation: Scallion Member is very sharp.  Based on 
literature, the average TOC content for the Upper Bakken Shale is 10-16 weight percent 
(Sonnenberg, 2011). 
 Lower Lodgepole Formation: Scallion Member 2.14
The Lower Lodgepole Formation: Scallion Member is a grey limestone with 
crinoids and dark wispy irregular layers (stylolites) (Figure 2.13).  The wells that cored 
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Stockade-Jayla wells.  The upper contact into the Lower Lodgepole Formation: False 
Bakken Member is gradational.  
 Lower Lodgepole Formation: False Bakken Member 2.15
The Lower Lodgepole Formation: False Bakken Member is a brownish-black 










Figure 2.1  Core photograph of Three Forks Formation: Facies 1.  The picture displays 











Figure 2.2  Core photographs of Three Forks Formation: Facies 2.  Picture A displays 














Figure 2.3  Core photographs of Three Forks Formation: Facies 3.  Pictures displays the 








Figure 2.4  Core photographs of Three Forks Formation: Facies 4.   A and B display the 
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Figure 2.5  Core photographs of Bakken Formation: Pronghorn Member.  Picture A 
displays the possible storm deposit in Stockade Jayla and picture B (wet surface) 





Figure 2.6  Core photographs of Bakken Formation: Lag Member.  Picture A, B, and C 
display pyritized fossil lags.  The lag in Bullwinkle Yahoo (picture B) also includes large 








Figure 2.7  Core photographs of Bakken Formation: Lower Bakken Member.  Picture B 





Coyote-Putnam Peanut-Jimmy Bullwinkle-Yahoo Stockade-Jayla 
A C B D 
Coyote-Putnam Bullwinkle-Yahoo Stockade-Jayla 









Figure 2.8  Core photographs of Middle Bakken Member: Facies A.  Pictures display the 






Figure 2.9  Core photographs of Bakken Formation: Middle Bakken Member Facies B.  






Figure 2.10  Core photographs of Bakken Formation: Middle Bakken Member Facies 
C/E.  Pictures display the wavy and planar laminations within the grey dolomitic 
sandstone. 
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Figure 2.11  Core photographs of Bakken Formation: Middle Bakken Member Facies F.  
Pictures display the lighter colored wavy and planar laminations within the grey 
dolomitic sandstone.  Picture A displays the mottled texture and picture D displays the 






Figure 2.12  Core photographs of Bakken Formation: Upper Bakken Member. Picture A 
displays silty laminations, picture B displays a silty layer with pyrite filled vertical 
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Figure 2.13  Core photographs of Lower Lodgepole Formation: Scallion Member.  
Pictures display the presence of crinoids and stylolites within the grey limestone.  
 
 
Figure 2.14  Core photographs of Lower Lodgepole Formation: False Bakken Member.  
The picture displays how it is moderately fractured.  
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CORES: ELM COULEE FIELD 
 A total of six cores from the Elm Coulee Field were described using cores from 
the following wells: Stockase-Jayla, Peabody-Minifie, Peanut-Jimmy, Bullwinkle-Yahoo, 
Coyote-Putnam, and Nevins.  In addition four other cores from Elm Coulee Field have 
been described in previous research by Alexandre, 2011 using cores from the following 
wells: Jackson-Rowdy, Brutus East-Lewis, Foghorn-Ervin, and RR Lonetree Edna.  
Figure 3.1 shows the locations of the 10 cores. This chapter will focus on the six cores 
described in this study.  Figure 3.2 show the symbols used for the core descriptions, 
and each description includes texture, ichnofossils, sedimentary structures, lithology, 
and bioturbation index.  Six distinct facies have previously been identified in the Middle 
Bakken Member at Elm Coulee Field: Facies A, B, C, D, E, and F (Alexandre, 2011). 
These facies have been re-examined in the six newly described cores from the Elm 
Coulee field.  
 Stockade-Jayla Core 3.1
Stockade-Jayla Core (Figure 3.4) is located in the center of the northern part of Elm 
Coulee Field, in T25N R51E Section 32 NENW, Richland County, Montana.  The 61 
foot core was cored on December 3, 2008, between depth intervals of 9706 feet to 9767 
feet.  The core started in the Mississippian Scallion, cored the Upper Bakken Member, 
the Middle Bakken Member (MBM), the Lower Bakken Member, and ended in the 
Devonian Three Forks Formation.  Starting at the bottom of the core is a six foot interval 
of what in this thesis is referred to as Three Forks: Facies 4.  Facies 4 consists of green 





Figure 3.1  Location map of the 10 cores.  The green circles represent the cores 
described in this study, and the blue circles represent the cores described by Alexandre 
























Figure 3.2  Core description legend with the symbols used for the 6 core descriptions 




layers consist of dolomitic siltstone.  The top of the Three Forks is marked by a sharp 
contact with the Pronghorn Formation.  Out of the 6 cores, the Pronghorn Formation 
was only observed in Stockade-Jayla and Peanut-Jimmy cores. This confirms that the 
Pronghorn is an erosional remnant that only occurs in some areas of the Williston 
Basin.  The Pronghorn is 8 feet thick and consists of a massive greyish dolomitic 
siltstone with a few lighter grey layers (mudstone) that are 1-2.5 inch thick.  Most of the 
layers contain some sort of fragments (e.g. brachiopods) and could possibly be storm 
deposits (Johnson, 2012).  Separating the Pronghorn and the Lower Bakken Member is 
a 1 inch thick lag consisting of a thin pyrite layer covered by black mudstone which 
transitions into a greenish-grey color and gradually into the Lower Bakken Member.  
The Lower Bakken Member is a 1 foot (including lag) grey dolomitic siltstone.  Following 
on top, is the five feet thick MBM: Facies A which is a dark grey dolomitic siltstone with 
brachiopods and some bioturbation.  The contact between MBM: Facies A and Facies B 
is gradational, and can be distinguished as the brachiopod content decreases while the 
bioturbation increases from Facies A upward into Facies B.  Facies B is a grey-brown 
dolomitic siltstone which is heavily (~45%) bioturbated by horizontal burrows.  Of all the 
different facies in the core, Facies B is much thicker than any other facies resulting in a 
total thickness of 22.5 feet.  It then goes into the MBM: Facies C/E.  Facies E is a 7.5 
foot grey dolomitic sandstone with wavy and planar laminations, cross stratification, and 
a mottled texture. Where the cross stratification interval is MBM: Facies D.  It also has 
some bioturbation in the bottom half and a pyrite dominated zone towards its top.  
Further upward is the last facies of the MBM: Facies F which is a one foot dark grey 




organic-rich shale that has open horizontal fractures, and pyrite nodules at its base.  It is 
separated from the overlaying Lower Lodgepole: Scallion by a very sharp contact. The 
Lower Lodgepole: Scallion is a grey limestone with crinoids and dark irregular stylolite 
layers.          
 Peabody-Minifie Core 3.2
Peabody-Minifie Core (Figure 3.5) is located in the central part of Elm Coulee 
Field, in T24N R56E Section 26 SESW, Richland County, Montana.  The 32 foot core 
was cored in April, 2006, between depth intervals of 10407 feet to 10439 feet.  The core 
started in the Mississippian Upper Bakken Member, cored the Middle Bakken Member 
(MBM) (Facies B, E, and F), and ended in the Devonian Three Forks.  Starting at the 
bottom of the core is one foot of Three Forks: Facies 4 consisting of green mudstone 
and tan dolomitic siltstone that together form wavy layers/laminations. The Pronghorn 
was not observed in this core, and the Lower Bakken Member, the Lag, and the MBM: 
Facies A are very thin or absent.  Facies B is a 22 foot thick siltstone with horizontal 
burrows that comprises most of the core.  Facies C/E is a six foot thick siltstone with 
wavy laminations. Facies D was not observed, so Facies E is overlaid by a thin one foot 
MBM: Facies F.  Facies F consists of a distinct lag with abundant disarticulated 
brachiopod shells.  The last two feet of the core is composed of the Upper Bakken 
Member, which is an organic-rich shale with open horizontal fractures, and pyrite 
nodules toward its top.  
 Peanut-Jimmy Core 3.3
Peanut-Jimmy Core (Figure 3.6) is located in the central part of Elm Coulee 




was cored on September 18, 2008, between depth intervals of 10428.0 feet to 10488.5 
feet.  The core started in the Early Mississippian Upper Bakken Member, cored the 
Middle Bakken Member (MBM), the Lower Bakken Member, and ended in the Devonian 
Three Forks.  Starting at the bottom of the core is a 4.5 foot interval of Three Forks: 
Facies 2 which is a massive reddish-brown dolomitic siltstone.  It is overlain by a thin 1 
foot layer of Three Forks: Facies 3 which consists of reddish-brown/tannish-pink to dark 
green mottled dolomite siltstone. Three Forks: Facies 4 consists of 10.5 feet of green 
mudstone and tan dolomitic siltstone that together form wavy layers/laminations.  The 
Pronghorn is a three foot thick grey siltstone with bioturbation and pyrite nodules.  
Separating the Pronghorn and the Lower Bakken Member is a half inch pyritized fossil 
lag consisting of brachiopods and crinoids.  The lag is covered by black mudstone 
which transitions into a greenish-grey siltstone and then into the Lower Bakken 
Member.  The Lower Bakken Member is a two foot (including 1/2 inch lag) thick grey 
dolomitic siltstone with some bioturbation.  Following on top is the MBM: Facies A which 
is a five foot thick dark grey dolomitic siltstone with brachiopods and bioturbation.  
Gradationally the MBM: Facies A goes into MBM: Facies B.  The 21.5 foot thick Facies 
B consists of a brownish-grey dolomitic siltstone which is heavily bioturbated (40-55%) 
by horizontal burrows.  Facies C/E is a 7.5 foot thick grey dolomitic sandstone with 
darker colored planar and wavy laminations.  Its bottom half has bioturbation and a 
pyrite layer is present at 10436 feet depth. The MBM: Facies F is a 2.5 foot thick 
dolomitic siltstone with brachiopods and a mottled texture. Separated by a sharp contact 




organic-rich shale with open horizontal fractures and silty laminations.  Facies not 
observed in the core was MBM: Facies D. 
 Bullwinkle-Yahoo Core 3.4
Bullwinkle-Yahoo Core (Figure 3.7) is located in the central part of Elm Coulee 
Field, in T24N R57E Section 4 NENE, Richland County, Montana.  The 90 foot core 
was cored on February 27, 2011, at a depth interval of 10430 feet to 10520 feet.  The 
core started in the Mississippian Lodgepole Formation, cored the False Bakken, the 
Scallion, the Upper Bakken Member, the Middle Bakken Member (MBM), the Lower 
Bakken Member, and ended in the Devonian Three Forks Formation.  Starting at the 
bottom of the core is 16.5 foot of Three Forks: Facies, a reddish-brown dolomitic 
siltstone with breccia clasts.  The interval is heavily fractured.  The Three Forks: Facies 
2 is a 4 foot reddish-brown massive dolomitic siltstone. It then goes into 2.5 foot interval 
of Three Forks: Facies 3 which is dark green at the bottom and then transition into 2 
inches of reddish-brown/tannish-pink mottled texture.  Three Forks: Facies 4 is a 10 foot 
thick green mudstone and tan dolomitic siltstone that together form layers/laminations.  
A sharp contact in the form of a lag separates the Three Forks Formation from the 
Lower Bakken Member.  The one inch pyritized fossil lag is surrounded by larger pyrite 
nodules and covered by black mudstone which transition into a greenish-grey siltstone 
and then into the Lower Bakken Member. The Lower Bakken Member is a two foot 
(including 1/2 inch lag) thick grey dolomitic siltstone with some bioturbation.  The core 
then moves into the MBM: Facies A which is a four feet thick dolomitic siltstone with 
brachiopods and increasing bioturbation as it trasitions into the MBM: Facies B.  Facies 




50%).  Further upward the bioturbation starts decreasing into MBM: Facies C/E, which 
is a 2.5 foot thick dolomitic sandstone with darker colored wavy/planar lamination and 
bioturbation.  The MBM: Facies F is a 4.5 foot thick dark grey dolomitic siltstone with 
mottled texture, brachiopods, and crinoids.  It also has some lighter grey planar 
laminations.  Separated by a scarp contact, the core goes into the Upper Bakken 
Member, which is a 6 foot thick organic-rich shale.  It is highly fractured, and has silty 
laminations and pyrite. Another sharp contact is present between the UBM and the 
Lower Lodgepole: Scallion.  The Scallion is a nine foot thick limestone containing 
crinoids and styrolites.  A gradational contact leads to the Lower Lodgepole: False 
Bakken, which is only present in this core and not present in any of the other cores 
included in this study.  The False Bakken is a highly fractured claystone that has very 
small, extremely disarticulated brachiopod fragments in the top two feet.  Facies not 
observed in the core were Pronghorn, and MBM: Facies D. 
 Coyote-Putnam Core 3.5
Coyote-Putnam Core (Figure 3.8) is located in the central part of Elm Coulee 
Field, in T23N R57E Section 9 SWSE, Richland County, Montana.  The 60.3 foot core 
was cored on October 16, 2008, at a depth interval of 10335 feet to 10395.3 feet.  The 
core started in the Mississippian Lodgepole Formation, cored the Scallion Formation, 
the Upper Bakken Member, the Middle Bakken Member, the Lower Bakken Member, 
and ended in the Devonian Three Forks Formation.  Starting at the bottom of the core is 
2 foot of Three Forks: Facies 2 which is a reddish-brown massive dolomitic siltstone.  It 
transitions into the Three Forks: Facies 3 which is 0.5 foot reddish-brown/tannish-pink 




thick green mudstone and tan dolomitic siltstone that together form wavy 
layers/laminations.  Again, a lag separates the Three Forks from the Lower Bakken 
Member. The 1/2 inch pyritized fossil lag is covered by black mudstone which 
transitions into a greenish-grey siltstone and then into the Lower Bakken Member. The 
Lower Bakken Member is a three foot (including 1/2 inch lag) thick grey dolomitic 
siltstone that is fractured and bioturbated.  The MBM: Facies A is a three foot thick dark 
grey dolomitic siltstone with brachiopods and bioturbation.  A gradational contact is 
present between MBM: Facies A and Facies B.  Facies B is a 19.5 foot thick brownish-
grey bioturbated (30-45%) dolomitic siltstone.  The MBM: Facies C/E is three feet thick 
and consists of dolomitic sandstone with wavy and parallel laminations.  It is overlain by 
a thin MBM: Facies F that is only two feet thick.  The Facies F is a dolomitic siltstone 
with mottled texture and brachiopods.  Separated by a sharp contact it goes into the 
seven foot thick Upper Bakken Member, which is an organic-rich shale with fractures 
and faint silty laminations.  A sharp contact is also between the UBM and the Lower 
Lodgepole: Scallion.  The Scallion Formation is a limestone with crinoids and styrolites.  
Facies not observed in the core were Pronghorn, and MBM: Facies D. 
 Nevins Core 3.6
Nevins  Core (Figure 3.9) is located in the central part of Elm Coulee Field, in 
T23N R56E Section 12 SESW, Richland County, Montana.  The 32.5 foot core was 
cored sometime between April, 1990 and January, 1991, at a depth interval of 10,580.0 
feet to 10612.5 feet.  Lithologically, the core started in the Upper Bakken Member, 
cored the Middle Bakken Member (MBM), the Lower Bakken Member, and ended in the 




Facies 4 which is a greenish mudstone and tannish dolomitic siltstone that has wavy 
layers/laminations. Within its layers/laminations well defined ripples are present, and a 
great example of this is at the top of the facies (Figure 3.3). A thin lag is separating 
Three Forks: Facies 2 from MBM: Facies A.  Facies A is a 1.5 foot thick silty mudstone 
with brachiopod fragments.  It is overlain by the MBM: Facies B which is a 19.5 foot 
thick siltstone with bioturbations (5-40%). Further up is a thin one foot layer of MBM: 
Facies C/E that consists of siltstone with wavy laminations.  Separated by a sharp 
contact, the Upper Bakken Member completes the core.  The Upper Bakken Member is 
an organic-rich shale with silty laminations.  Facies not observed in the core were 
Pronghorn, Lower Bakken Member, and MBM: Facies D, and MBM: Facies F. 
 
 
Figure 3.3  Core photographs of Three Forks: Facies 2 displaying the wavy ripple 













Figure 3.5  Digitized core description of the Peabody-Minifie well. See Figure 3.2 for 





Figure 3.6  Digitized core description of the Peanut-Jimmy well. See Figure 3.2 for core 
























After the cores were described and digitized, a cross-section correlation (Figure 
3.10) was created from the six cores, from Stockade-Jayla Core in the West to Nevins 
Core in the South East.  The datum used for the cross-section was the base of the 
Upper Bakken Member.  The cross-section displays the constant thickness of Middle 
Bakken Member: Facies B, the main reservoir facies in Elm Coulee Field.  Both MBM: 
Facies C/E and F are much thinner than Facies B and vary in thickness.  Facies F 
increases in thickness to the East and then decreases in thickness southward and 
pinches out at Nevins Core, while Facies E decreases in thickness from West to South 
East.  The MBM: Facies A decrease gradually from the West to South East, and are not 
present at Peabody-Minifie Core.  Other facies also not present in Peabody-Minifie Core 
is the Lower Bakken Member and the Pronghorn Formation.  The thickness of the 
Lower Bakken Member is fairly constant but increases slightly in Coyote-Putnam Core 
before it pinches out at Nevins.  The Pronghorn is an erosional remnant and is only 
present in Stockade-Jayla and Peanut-Jayla Cores. The MBM: Facies D is only present 
in Stockade-Jayla Core. 
 Core Plug Analysis and X-Ray Diffraction Analysis 3.8
Core plug and x-ray diffraction analyses data was available for four of the cores: 
Stockade-Jayla (T25N R51E Section 32), Peanut-Jimmy (T24N R57E Section 22), 
Bullwinkle-Yahoo (T24N R57E Section 4), and Coyote-Putnam (T23N R57E Section 9).  
The core plug analyses provided information about porosity, permeability, and 
saturation which was useful to determine the reservoir potential within the Bakken 




Figure 3.10  Cross section from West to South East of the described cores from Elm Coulee Field.  It displays the 
uniform thickness of Facies B, the absent of Pronghorn, Lower Bakken Member, and MBM: Facies A in Peabody-




mineral composition which was used to gain a better understanding of the degree of 
dolomitization.   
The x-ray diffraction analysis identified 11 minerals: quartz/silica, dolomite, 
calcite, k-feldspar, plagioclase feldspar, illite/mica, chlorite, pyrite, hematite, halite, and 
an unknown category.  The volume percent of the minerals quartz/silica, dolomite, and 
calcite, the Bakken Formation samples ranged between 11-37% quartz/silica, 0-68% 
dolomite, 0-68% calcite.  Most rock samples have around 20-30% quartz/silica, while 
the volume of dolomite and calcite are more variable and the values are either low in 
regards to dolomite and high in regards to calcite or vice versa.  The Lower Bakken 
Member, Middle Bakken Member (MBM) Facies A, and lower half of MBM Facies B 
(lower interval) generally have a higher content of calcite and lower content of dolomite 
compared to the upper interval, while the upper half of MBM Facies B, MBM Facies E, 
and MBM Facies F (upper interval) have a lower content of calcite (often zero) and 
higher content of dolomite compared to the lower interval (Figure 3.11).  This indicates 
that the dolomitization of the Bakken Formation is not uniform and that the upper 
interval has undergone more dolomitization than the lower interval.  The results are 
comparable to previous work by Alexandre (2011) which also showed an increase of 
dolomitization upward in the Bakken Formation. 
Dolomitization is the process in which limestone is transformed into dolomite as a 
result of magnesium ions replacing the calcium ions in calcite.  The process is 
described by the equation: 
2CaCO3(limestone) + Mg





This process may decrease the solid rock volume and create secondary porosity.  In the 
Bakken Formation this secondary porosity is quite noticeable, especially in MBM Facies 
B (Figure 3.12).  In addition to the porosity being higher and more favorable for 
production in the upper interval the permeability is also higher within this interval. 
Alexandre (2011) also recognized an increase in porosity and permeability in the upper 
most part of the MBM: B Facies and especially in MBM: Facies C through MBM Facies 
E. 
 The core plug analyses also provided information about the residual oil and water 
saturation (Figure 3.13).  The lower interval consists of high water saturation and low oil 
saturation, while the upper interval consists of lower water saturation and higher oil 
saturation, where MBM Facies B has the highest oil saturation.  The oil saturation 
ranges from zero at the bottom part of MBM Facies B then increase upwards to as high 
as 63.7% (Coyote-Putnam) oil saturation.  It decreases gradually downward in the MBM 
Facies E and MBM Facies F.  In the Upper Bakken Member the oil saturation increases 
again, from a low of 12% in Bullwinkle-Yahoo to as high as 43.4% in Peanut-Jimmy. 
Based on the information above it can be concluded that the reservoirs within the 
Bakken Formation at Elm Coulee Field are the Upper Bakken Member and Middle 
Bakken Member: Facies B, E, and F.  In the Middle Bakken Member the reservoir 

















Figure 3.11  X-ray diffraction analysis plot of the minerals quartz/silica, dolomite, and calcite present in the cores. 
Shows that the dolomitization of the Bakken Formation is not uniform, and that the upper interval has undergone 
more dolomitization than the lower interval.  


















Figure 3.12  Porosity and permeability plot of the Bakken Formation.  Show that the upper interval has the highest 





















Figure 3.13 Water saturation and oil saturation plot of the Bakken Formation.  Shows that the lower interval consist 
of high water saturation and low oil saturation, while the upper consist of lower water saturation and higher oil 
saturation, where MBM Facies B has the largest oil saturation. 







A total of 425 digital well logs were available within the Elm Coulee Field for this 
study (Figure 1.3A).  For each well, four formation tops were picked: Upper Bakken 
Member (UBM), Middle Bakken Member (MBM), Lower Bakken Member (LBM), and 
Upper Three Forks (UTF) Formation.  The formation tops were used to generate 
structure and isopach maps which helped to identify possible thickness anomalies. 
 Structure Maps 4.1
Structure maps were created for the Bakken Formation’s Upper Bakken Member 
(Figure 4.1), Middle Bakken Member (Appendix A Figure A-1) and Lower Bakken 
Member (Appendix A Figure A-2), and the Upper Three Forks Formation (Appendix A 
Figure A-3).  All the structure maps showed the same trend due to the Williston Basin’s 
stratigraphic “pancake layering” with a dip to the southeast .  No large structural 
features are present, only a few noses and folds are observed within the maps contours 
which may suggests subtle tectonic activity.  Sonnenberg and Pramudito (2009) state 
that “The structures and tight folds may also help fracture the Bakken in the Elm Coulee 
field area”. 
 Isopach Maps 4.2
Isopach maps were created of the Bakken Formation’s Upper Bakken Member, 
Middle Bakken Member, Lower Bakken Member, and the entire interval of all three 
members.  Although the Pronghorn Member is recognized as an individual member of 
the Bakken Formation, in this study it was combined with the Lower Bakken Member 




The Upper Bakken Member has a thickness that range between 2.2 feet to 13.5 
feet.  The UBM isopach map (Figure 4.2) displays that its most common thickness 
across the Elm Coulee Field is between 5-10 feet.  The map also displays how the UBM 
thins to the South and thickens to the North.  In addition, some circular isopach thicks 
and thins are present throughout the field. 
The Middle Bakken Member has a thickness that range between 4.3 feet to 38.7 
feet.  The MBM isochron map (Figure 4.3) shows the distinctive NW-SE trending 
thickness anomaly present at Elm Coulee Field.  The map displays how the MBM thins 
to the South. 
The Lower Bakken Member has a thickness that range between 0.0 feet to 9.8 
feet.  The LBM isochron map (Figure 4.4) displays that the LBM thickness is very thin 
across the Elm Coulee Field and its most common thickness across the field is between 
0-5 feet.  The map also displays that the LBM is thicker to the North.  The presence of 
the Lower Bakken Member may indicate that Prairie Salt dissolution occurred prior, or 
during, deposition of the Lower Bakken Member based on previous research by 
LeFever (2012) in North Dakota (see section 1.4.4 Prairie Salt).   
The isopach map of entire Bakken Formation (Figure 4.5) is very similar to the 
isopach map of the Middle Bakken Member.  It shows an overall NW-SE thick with 
thinning to the South. Based on the isopach map, it can be concluded the depocenter of 
the Bakken Formation at Elm Coulee Field has a NW-SE orientation across Richland 




 Cross Sections 4.3
Three well log cross sections where created to show the Bakken Formation’s thickness 
relationship across the Elm Coulee Field.  Cross section A-A’ (NW-SE) is oriented 
across the Bakken Formation’s depocenter at Elm Coulee Field and shows the 
continuous, large thickness of the Middle Bakken Member.  Cross section B-B’ is 
oriented N-S over the western half of the Elm Coulee Field and shows how the Middle 
Bakken Member is thick across the NW-SE thickening anomaly and then thins to the 
south.  Cross section C-C’ (N-S) is oriented across the eastern half of the Elm Coulee 
Field and shows how the Middle Bakken Member is thick across the NW-SE thickness 











Figure 4.1  Upper Bakken Member structure maps of the Elm Coulee Field (secondary 
study area) showing a dip to the southeast.  No large structural features are present, 
only a few noses and bends are observed within the maps contours. Contour interval is 







Figure 4.2  Isopach map of the Upper Bakken Member.  The map displays that UBM 
most common thickness across the Elm Coulee Field is between 5-10 feet.  Contour 










Figure 4.3  Isopach map of the Middle Bakken Member showing a NW-SE thickness 
anomaly and how the MBM thins to the south.  Contour interval is 5 feet. Green circles 









Figure 4.4  Isopach map of the Lower Bakken Member showing its thin appearance 
across the Elm Coulee Field. Its most common thickness across the field is between 0-5 









Figure 4.5  Isopach map of the Bakken Formation showing Elm Coulee Field’s NW-SE 
trending depocenter with a maximum thickness of around 50 feet. Contour interval is 5 
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Figure 4.6  NW-SE cross section across the Bakken Formation’s depocenter at Elm 









Cross Section B-B’ 
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Figure 4.7  N-S cross section over the western half of the Elm Coulee Field showing 
how the Middle Bakken Member are thick across the NW-SE thickening anomaly and 











Cross Section C-C’ 
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Figure 4.8  N-S cross section across the eastern half of the Elm Coulee Field showing 
how the Bakken Middle Member is thick across the NW-SE thickness anomaly and then 







For this study, three 3-D seismic surveys were available within the primary study 
area: Vaux, Intake II, and South Fork (Figure 1.4).  After a seismic well tie was created, 
multiple key horizons were picked (Figures 5.1, 5.2, 5.3, and 5.4).  Selection of key 
horizons was done based on recommendations from Shane Mogensen, geophysist at 
SM Energy.  The horizons picked for this study were: Greenhorn Fm., Charles Fm. 
(base last salt), Bakken Fm., Three Fork Fm., Dawson Bay Fm., and Winnipeg Fm. 
(Figure 5.4).  For each horizon, time structure maps were generated and then multiple 
isochron maps between the different horizons were created.  In addition, attempts to 
map fractures were performed using various volume attributes, and to extract seismic 
characteristics of the Bakken Petroleum System using surface attributes. 
 Seismic Well Tie: Vaux 5.1
A seismic well tie was created in Petrel using a sonic log within the Vaux 3D seismic 
survey (Figure 5.1, and 5.2).  The synthetic seismogram fit well with the seismic data 
and was comparable to the seismic well tie image provided by SM Energy.  The Bakken 
Formation is represented by a thin trough less than 10 ms thick, and based on the 
Bakken Formation’s average thickness within this area of 38 feet, it provides information 
that the resolution of the data sets are limited.   
 Time-Structure Maps 5.2
After the six horizons were picked, surfaces were created which represent time-
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Figure 5.1  Seismic well ties within the Vaux 3D seismic survey.  Left image provided by SM Energy and right image is 






























Figure 5.2  SM Energy seismic well tie within the Vaux 3D seismic survey.  Showing the 





Figure 5.3  Seismic profile from Vaux 3-D seismic survey inline 239 





Figure 5.4  Seismic profile from Vaux 3-D seismic survey inline 239 with horizons: 
Greenhorn Fm. (green), Charles Fm. (orange), Bakken Fm. (purple), Three Forks Fm. 
(yellow), Dawson Bay (pink), and Winnipeg (light blue).  




having subtle structural highs and lows.  The time-structure maps of each survey 
were evaluated individually because the surveys were not merged.  The Bakken 
structure map can be seen in Figure 5.5, while the time-structure maps of the other five 
formations can be found in Appendix B Figure 1-5.   
 Isochron Maps 5.3
Isochron maps were created on both larger scale intervals and smaller scale 
intervals.  The larger scale intervals included: 1) Greenhorn Fm. – Winnipeg Fm., 2) 
Charles Fm. – Winnipeg Fm., and 3) Bakken Fm. – Winnipeg Fm.  The smaller scale 
intervals included: 1) Charles Fm. – Bakken Fm., 2) Bakken Fm. – Three Forks Fm., 3) 
Bakken Fm. – Dawson Bay Fm., 4) Three Forks Fm. – Dawson Bay Fm., and 5) 
Dawson Bay Fm. – Winnipeg Fm.  The purpose for creating isochron maps was to 
identify possible thickness anomalies and see how these anomalies relate to the 
basement tectonics and Prairie Salt dissolution and if they have affected the Bakken 
Petroleum System.  
The Greenhorn Fm. – Winnipeg Fm. isochron map (Figure 5.6) shows multiple 
circular isochron thin areas, where the circular thins are related to basement structural 
highs.  Circular isochron thins are present in all three seismic surveys.  There is no 
distinct pattern, but some follow a linear trend, especially noticeable in the Vaux survey 
where the circular thins are trending in a NW-SE direction. 
The Charles Fm. - Winnipeg Fm. isochron map (Figure 5.7) shows multiple 
circular isochron thin areas that are located at the exact or roughly the same area as the 




result of the similarity among these two isochron maps the circular thin areas observed 
in this isochron map are also interpreted as being related to the basement structural 
highs.     
The Bakken Fm. – Winnipeg Fm. isochron map (Figure 5.8) also shows multiple 
circular isochron thin areas located at the exact or roughly the same area as the circular 
thins observed in the two previous isochron maps.  In addition, it displays a NW-SE 
thickening trend. 
The Charles Fm. – Bakken Fm. isochron map (Figure 5.9) shows an interval with 
various thicknesses, but there was no distinct trend that could be identified. 
The  Bakken Fm. – Three Forks Fm. isochron map (Figure 5.10) shows an 
interval with various thicknesses.  The isochron thick areas identified have NE-SW and 
W-E trends, a trend direction which for each survey is parallel to its inlines and it is 
therefore a seismic acquisition effect.  
The Bakken Fm. – Dawson Bay Fm. isochron map (Figure 5.11) shows an 
interval with a isochron thick area that appears to be trending NE-SW.  Some isochron 
thin areas were observed in the south portion of the Intake II seismic survey and upper 
half of the South Fork seismic survey. 
The Three Forks Fm. – Dawson Bay Fm. isochron map (Figure 5.12) shows the 
same thickness trend as observed in the Bakken Fm. – Dawson Bay Fm. isochron map.  
The thickness trend in this isochron map is more defined and the trend direction can be 
defined to NE-SW.  The Dawson Bay Formation is stratigraphically above the Prairie 




addition accommodation and/or basement related (cross fault affecting deposition - 
personal communication with Robert T. Larsson, 2013). 
The Dawson Bay Fm. – Winnipeg Fm. isochron map (Figure 5.13) shows an 
interval with a thinness trend lying NE-SW where the two previous isochron maps 
showed a thickness trend.  This thin may be related to Prairie Salt dissolution. 
After reviewing all the isochron maps the following can be concluded:  1) The 
large scale interval isochron maps (Greenhorn Fm. – Winnipeg Fm., Charles Fm. – 
Winnipeg Fm., and Bakken Fm. – Winnipeg Fm.) the dominant features observed were 
the circular isochron thins which are related to basement structural highs. These highs 
have been targeted when producing hydrocarbons from the Red River Fm. 2) The 
smaller scale interval isochron maps the interesting thickness anomaly identified were a 
thick on the isochron map of the Bakken Fm. – Dawson Bay Fm. (also seen on the 
interval Three Forks Fm. – Dawson Bay Fm.), and a thin on the isochron map of the 
Dawson Bay Fm. – Winnipeg Fm. The fact that the thin anomaly is overlaid by a thick 
anomaly is evidence indicating Prairie Salt dissolution.   
Further, comparing the isochron map of the Bakken Fm. – Dawson Bay Fm to 
isopach map of the Middle Bakken Member (MBM) shows how the thickness anomaly 
identified on the 3-D seismic is consistent with southern margin of the NW-SE thickness 
anomaly of the MBM, it being located on the southern edge of the MBM thickness 
















 Figure 5.5  Time-structure map of the Bakken Formatiom showing the subtle structural highs and lows present within 
the three 3-D seismic surveys. 
South Fork Vaux 
Intake II 

















Contour Interval = 2 Surveys are not merged, evaluate each survey individually! 
Figure 5.6  The Greenhorn Fm. – Winnipeg Fm. isochron map. Shows multiple circular isochron thins, where the 

















Contour Interval = 2 Surveys are not merged, evaluate each survey individually! 
Figure 5.7  The Charles Fm. – Winnipeg Fm. isochron map. Shows multiple circular thins, where the circular thins are 


















Figure 5.8 The Bakken Fm. – Winnipeg Fm. isochron map. Shows multiple circular thins, where the circular thins are 
related to basement structural highs.  In addition it displays possibly a NW-SE thickening trend.   
 

















Contour Interval = 1.5 Surveys are not merged, evaluate each survey individually! 



















Contour Interval = 1 Surveys are not merged, evaluate each survey individually! 
Figure 5.10  The  Bakken Fm. – Three Forks Fm. isochron map. Shows an interval with various thickness.  The thicks 

















Contour Interval = 2 Surveys are not merged, evaluate each survey individually! 


















Contour Interval = 2 Surveys are not merged, evaluate each survey individually! 

















Contour Interval = 2 Surveys are not merged, evaluate each survey individually! 


















 Bakken-Dawson Bay Isochron Map 
Middle Bakken Member Isopach Map 
Contour Interval = 2 
Surveys are not merged, evaluate each survey individually! 
Figure 5.14  Comparison of subsurface data, well log data to 3-D seismic data. The thickness anomaly identified in the 
seismic data relates well to the NW-SE Middle Bakken Member thickness anomaly displayed using well log data, the 




 Sub-Regional Fracture Analysis 5.4
Three types of open fractures occur in the Bakken Formation: 1) structural-
related tectonic fractures, 2) stress-related regional fractures, and 3) expulsion fractures 
associated with overpressure due to hydrocarbon generation (Sonnenberg et al., 2011).  
In regards to reservoir quality, hydrocarbon generated related pervasive micro-fracturing 
within the Bakken Formation combined with larger scale fracturing (i.e., structural or 
stress related regional fractures) creates the best production (LeFever, 1992, Sarg, 
2012).  
The seismic data used for this study has limited resolution and along the study 
area consisting of faults with little vertical offset made carrying out a fracture analysis a 
challenging task.  Even using datasets with high-quality 3D seismic data it is usually 
difficult or impossible to identify faults with throw less than 15-20 meters (Fossen, 
2010).  Due to the resolution of the datasets in this study the faults were below the 
seismic resolution in the seismic profile.  In an attempt to map these sub-seismic faults 
various seismic volume attributes were tested, from Schlumberger (2010): 
 AntTracking – used to automatically extract faults from a pre-processed seismic 
volume. The pre-processing can be performed in Petrel.  The result is an 
attribute volume that displays fault zones in great detail and sharpness.  
 3D Curvature – for a particular point of curvature, it is defined as the rate of 
change in the curve direction.  It can be used to bring out stratigraphic features in 
sedimentary environments, karst features or structural discontinuities. 
 Chaos – measure of the “lack of organization” in the dip and azimuth estimation 




classification of chaotic texture.  Chaos can be related to local geologic features 
as it will be affected by gas migration paths, salt body intrusions, reef textures, 
channel infill, etc. 
 Variance – the estimation of local variance in the signal. Useful for edge 
detection.  It can be used to isolate edges from the input data set.  By edge, this 
means discontinuities in the horizontal continuity of amplitude.  Variance is 
applicable as a stratigraphic attribute. 
 Dip deviation – the difference between the dip trend and the instantaneous dip. 
Creates an edge volume from the input seismic volume. By tracking rapid 
changes in the orientation field, edges and subtle truncations become visible. 
The edge attribute has been found to work successfully for low-angle fault 
illumination. 
All five of these methods were performed in this study, however, AntTracking was the 
only one which proved to be useful (Figure 5.15). 
5.4.1 AntTracking 
AntTracking emulates the behavior of ant colonies in nature and their use of 
pheromones to mark their paths in order to optimize the search for food.  The result is 
an attribute volume that shows fault zones in sharp detail (Schlumberger, 2010).  Using 
AntTracking to extract faults requires multiple steps and the AntTracking workflow used 
for this study included: 
1) Precondition original seismic data: Structural Smoothing – to increase the 




2) Generate Variance cube using the structural smoothed cube as input – to 
enhance the spatial discontinuities (Figure 5.16). 
3) Generate AntTracking cube using the variance cube as input – to extract 
discontinuities/faults (Figure 5.17). 
4) Validation – to validate the discontinuities/faults. In this step the interpreter 
need to evaluate if the result of the AntTracking are true discontinuities/faults 
or a result of noise (5.18). 
The AntTracking identified discontinuities/faults with four trend directions: NW-
SE, NE-SW, W-E, and N-S (Figure 5.19).  The two most dominant trends are NE-SW 
and NW-SE.  The discontinuities/fault trend directions appear to be the same at both the 
Bakken and Winnipeg level, and the two dominant trend directions are the same as the 
regional fractures present throughout the Williston Basin, NE-SW and NW-SE.  Based 
on the discontinuities/faults having the same trend directions as the regional fractures in 
the basin, the discontinuities/faults identified by the AntTracking are believed to be 
regional fractures.  There was a good correlation between the results from AntTracking 
compared to the previous research by Honsberger (2013), both on the Winnipeg and 
Bakken interval (Figure 5.20).  The discontinuities/faults present in the seismic surveys 
are laterally small with little vertical offset.  The similarities between this work and 
Honsberger’s work strengthens Honsberger’s (2013) conclusion that the faults are part 
of a large-scale, basement-driven, regional strike-slip system that extends across the 
Williston basin with primary fracture directions of ~45°NE, and secondary fracture 
direction of ~60°NW.  Further, Honsberger (2013) states that the “Faults/lineaments 




evidence for direction of the left-lateral slip motion. The NE-SW lineaments could 
certainly be related to the Brockton-Froid left lateral strike-slip system that cuts across 
the Williston Basin to the north of Elm Coulee all the way to the NE side of the basin in 
Canada”. 
5.4.2 Previous Work Supporting the AntTracking Result 
Angster (2010) interpreted a 3-D seismic survey located in western North 
Dakota, northwest of the Billing Nose structure.  On the 45 mi2 survey Angster (2010) 
identified regional NE and NW oriented fractures trends using minimum curvature, 
maximum curvature, and dip curvature attributes, where minimum curvature attribute 
showed the fracture trends the best.  The curvature maps show that the NE trending 
fractures are more dominant compared to the NW trending fractures (Figure 5.21). 
O’Brien, Larson, and Parham (2011) performed a micro seismic study in a central 
area of Elm Coulee Field. The study revealed that artificial induced fractures from a 
multi-stage fracking process are consistent with the maximum principal stress directions 
of the Williston basin with an average fracture azimuth of N63E.      
Comparing the AntTracking results to the conceptual fracture model of Elm 
Coulee Field created by Almanza (2011) it confirms the two fracture trend directions to 
the NE-SW and NW-SE (Figure 5.22).  The fracture model derived from seismic (work 
done by Angster (2010), and O’Brien, Larson and Parham (2011))  and production data 
(IHS Production Energy) displays regional fracture fabrics oriented NE-SW (maximum 
principal stress) with spacing of ~1,250 feet and orthogonal NW-SE fractures with 




(Almanza, 2011).  In regards to his fracture model, Almanza (2011) states the following 
“The regional fracture fabrics determined from microseismic and 3D seismic are 
interpreted as having an influence on artificially induced fractures, but are not 
interpreted as major contributors to sweet spot production. They may contribute locally 
to enhanced reservoir properties as observed in the difference between core data and 
DST data. The fracture swarms are interpreted to have the greatest influence on 
fracture fabric and contribution to production”. 
5.4.3 Comparing AntTracking Results to Production and SoPhiH Maps 
The purpose of identifying the discontinuities/faults in the 3-D seismic surveys 
was to be able to compare the discontinuities/fault to production and SoPhiH (porosity 
times oil saturation) maps produced by Almanza (2011), by superimposing the 
discontinuities/faults onto the maps.   
Figure 5.23 has the discontinuities/faults superimposed onto a production map 
showing initial production trends with a N60E bias where the bias data trend highlights 
the fracture swarms (Almanza, 2011).  There is not a clear identifiable relationship 
between the discontinuities/faults, but most of the faults are within fracture swarms.  In 
some areas where the discontinuities/fault density is high is where production is high, 
but there is also areas of low discontinuities/fault density where production is high.  
Figure 5.24 has the discontinuities/faults superimposed onto a Middle Bakken 
SoPhiH Map indicating the most petrophysically prospective areas of Elm Coulee Field 




appears that areas were the discontinuities/faults density is higher are areas with higher 
SoPhiH.  
Based on the findings above it can be concluded that fractures are playing and 
important role in the Bakken Petroleum System and that they are influencing the 
reservoir quality. 
 Seismic characteristics of the Bakken Petroleum System 5.5
In the seismic datasets, the Bakken Formation is interpreted on a semi-
continuous trough with moderate amplitude.  In an attempt to gain a better 
understanding of the seismic characteristics of the Bakken Petroleum System, various 
surface attribute were tested, from (Schlumberger, 2010):  
 RMS Amplitude - The square root of the sum of the squared amplitudes, divided 
by the number of live samples.  It may map directly to hydrocarbon indications in 
the data and other geologic features which are isolated from background features 
by amplitude response. 
 Average Energy - The squared RMS Amplitude.  This attribute is a measure of 
reflectivity within a time or depth window and may be used to map direct 
hydrocarbon indicators in a zone. 
 Average Magnitude - Measures the reflectivity within a time or depth window, but 
is less sensitive to large numbers than RMS Amplitude. 
 Maximum Magnitude - Measures reflectivity within a time or depth window. 
Returns the maximum positive number in the defined window.  It is used to detect 





























Figure 5.15  Seismic volume attributes tested in an attempt to extract basement related 
faults.  All images are from the Vaux survey time slice -2400.  See Appendix B Figure  
B-6 to B-10 for larger scale images.
3D Curvature Chaos 


















Vaux: Original Volume - Inline 185 
Vaux: Smoothed Volume - Inline 185 
Purpose: to increase the 
continuity of the seismic 
reflectors 
Info: Spatial smoothing based on Gaussian 
weighted filter 
 Dip-guided with edge enhancement 
(filter size sigmas xyz = 1) 

























Vaux: Variance - Time slice -2400 
Vaux: Variance - Inline 185 
Info: Created using the smoothed volume 
Purpose: Enhance the spatial 
discontinuities 
























Vaux: Ant tracking - Inline 185 
Vaux: Ant tracking - Time slice -2400 






Figure 5.18  Workflow step 3.  Generate AntTracking cube to extract discontinuities/faults.  The AntTracking 
reveals laterally small discontinuities/faults with two dominant trend directions: NE-SW, and NW-SE.   




Timeslice -2400 (  ̴Winnipeg) Timeslice -2050 (  ̴Bakken) 


































Figure 5.20 Discontinuities/faults trends present in the three seismic surveys on time slice -2050 (~Bakken).  
Four trends: NE-SW (blue), NW-SE (green), W-E (orange), and N-S (purple).  The two most dominant trends 





Figure 5.21  Minimum curvature map of the Bakken horizon (scale 1: 50,000). Interpreted fractures are displayed on 
the map to the right. Red fractures are NE trending and yellow fractures are NW trending. Rose plot shows dominate 







Figure 5.22  Conceptual fracture model of Elm Coulee Field. Green lines represent the regional 
fracture fabric oriented NE-SW (maximum principal stress), orange lines represent the orthogonal NW-






   
 
Figure 5.23  Discontinuities/faults superimposed onto a production map showing initial production trends with a N60E 
bias where the bias data trend highlights the fracture swarms. Most of the discontinuities/faults are within the fracture 
swarms. Yellow circles indicates areas of high discontinuities/faults density and high production.  Orange circles 









Figure 5.24  Discontinuities/fault superimposed onto a Middle Bakken SoPhiH Map indicating the most 
petrophysically prospective areas of Elm Coulee Field. Most Discontinuities/fault are within the 0.25 SoPhiH line. 
Yellow circle indicates an area of high discontinuities/fault density over an area of high SoPhiH (modified from 





 Minimum Amplitude - Measures reflectivity within a time or depth window.  This is 
the maximum negative number in the defined window.  It is used to detect 
negative direct hydrocarbon indicators such as bright spots. 
 Maximum Amplitude - Measures reflectivity within a time or depth window.  
Returns the maximum positive number in the defined window.  It is used to detect 
positive direct hydrocarbon indicators such as bright spots. 
The surface attributes were completed with various interval parameters: 1) 1 ms 
above and 1 ms below the Bakken horizon, 2) 4 ms above and 4 ms below the Bakken 
horizon, and 3) 4 ms above the Bakken horizon and 4 ms below the Three Forks 
horizon.  Overall the maps of the same surface attribute but different interval 
parameters displayed similar trends.  The only difference observed within the maps was 
that the amplitude brightness became stronger and more dominant when the extraction 
interval became larger (Appendix B Figure B-11).  The surface attribute maps displayed 
in this study are created with the interval parameters 4 ms above and 4 ms below the 
Bakken horizon (Appendix B Figure B-12 – Figure B-17). 
A common purpose for all the surface attribute maps was to identify either 
positive or negative direct hydrocarbon indicators.  The six different surface attribute 
maps created from the 3D seismic surveys showed generally the same trends.  The 
maps’ surface attribute were compared to the discontinuities/faults and a production 
map to see if any relationship was identifiable.  Bakken discontinuities/faults were 
overlaid onto the RMS amplitude map of the 3D seismic surveys (Figure 5.22).  No 
relationship was identified between the amplitude brightness and discontinuities/faults.  




amplitude map of the 3D seismic surveys and no trends were identified between the 
amplitude brightness and production (Figure 5.23).   
Due to the low resolution of the data sets it was not possible to define the seismic 
characteristics of the different Bakken Formation’s members.  Defining the seismic 
characteristics of the entire petroleum system through surface attributes of the Bakken 
horizon proved to be challenging.  The surface attribute maps created seem to be 
indicating something, but the exact interpretation is uncertain.  If the seismic data had 
higher resolution and surface attribute maps could be generated for only the reservoir 
interval itself, there is a possibility that the surface attribute maps would show a better 





Figure 5.25  Seismic profile from Vaux inline 239 showing the Bakken and the Three 
Forks horizons.  The Bakken is picked on a semi-discontinuous trough with moderate 
amplitudes (extremely vertically stretched and horizontally squeezed profile). 






Figure 5.26  RMS Amplitude map overlaid with Bakken discontinuities/faults which were identified using AntTracking.  
















































Figure 5.27  Comparison of the RMS amplitude map to a production map of Elm 
Coulee.  No relationship was identified between the amplitude brightness and 







DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 
 Discussion 6.1
The objective of this study was to complete a structural and stratigraphic analysis 
of the Bakken Formation and Prairie Salt Formation, at the Elm Coulee Field.  The three 
questions this research was seeking to answer were: (1) When did the dissolution of the 
Prairie Salt occur? Did it cause the anomalous thickness of the Middle Bakken 
Member? (2) Did basement structural trends influence the Bakken Pay interval? And (3) 
What  are the seismic characteristics of the Bakken Petroleum System?  
The study was not able to determine the exact time of Prairie Salt dissolution, 
although indirect evidence of Prairie Salt dissolution was identified in cores and on 
seismic.  The cores and well logs confirmed the presence of the Lower Bakken Member 
(LBM) which is a good indicator for Prairie Salt dissolution based on previous research 
from central North Dakota by LeFever (2012) where the presence of the LBM indicates 
that the Prairie Salt has been dissolved out.  3-D seismic isochron maps revealed a 
thickening trend in the interval Bakken/Three Forks Fm. – Dawson Bay Fm. and a 
thinning trend in the interval Dawson Bay Fm. – Winnipeg Fm.  The presence of a thin 
anomaly overlaid by a thick anomaly indicates Prairie Salt dissolution.  The indirect 
evidence of Prairie Salt dissolution suggests that dissolution occurred during the 
deposition of the Bakken Petroleum System and that the thickness anomaly of the 
Middle Bakken Member at Elm Coulee Field is a result of the Prairie Salt dissolution that 




Sub-seismic discontinuities/faults with two dominant trends (NE and NW) were 
identified using AntTracking.  The discontinuities/faults did not show a clear identifiable 
relationship when overlaid on a production map, but when overlaid on a Middle Bakken 
Member SoPhiH map a relationship was identified.  Areas of higher density of 
discontinuities/faults corresponded to areas of higher SoPhiH values, the most 
petrophysically prospective areas. Based on the relationship between SoPhiH values 
and density of discontinuities/faults it can be conclude that fractures are influencing the 
Bakken Pay interval. 
The seismic characteristics of the Bakken Petroleum System were unable to be 
determined based on the low resolution of the 3-D seismic data.  The surface attribute 
maps that were generated seem to be indicate some areas of higher amplitude and 
other areas with lower amplitude, but when compared to discontinuities/faults and 
production, no relationships was identified. 
 Conclusions 6.2
By utilizing subsurface cores, well log data, and 3-D seismic this study identified 
the following structural and stratigraphic factors that influenced the hydrocarbon 
accumulations in the Bakken Petroleum System, in the Elm Coulee Field, Williston 
Basin, Montana:  
 Core data identified the main reservoirs in the Bakken Petroleum System to be 
within the Bakken Formation’s Upper Bakken Member and Middle Bakken 
Member: Facies B (upper interval), C, D, E, and F.  The reservoir quality in the 




 Well log data identified a NW-SE trending thickness anomaly of the Bakken 
Formation’s Middle Bakken Member in the Elm Coulee Field.  Whether or not this 
anomaly was caused by basement tectonics and/or Prairie salt dissolution was 
unable to be determined.  However, the presence of the Bakken Formation’s 
Lower Bakken Member may be indirect evidence for Prairie Salt Dissolution.  In 
addition, isochron maps from the 3-D seismic reveal a thickening trend in the 
interval Bakken/Three Forks Fm. – Dawson Bay Fm. and a thinning trend in the 
interval Dawson Bay Fm. – Winnipeg Fm.  The trends observed in the two 
intervals may be related to Prairie Salt dissolution. 
 The volume attribute AntTracking performed on the 3-D seismic data identified 
sub-seismic discontinuities/faults with two dominant trends.  The laterally and 
vertically small discontinuities/faults are part of a large-scale, basement-driven, 
regional strike-slip system that extends across the Williston basin with primary 
fracture directions of ~45°NE and secondary fracture direction of ~60°NW.  The 
fracture network present plays a critical role in the enhancement of the reservoir 
quality. 
 The low resolution of the 3-D seismic data made it challenging to define the 
seismic characteristics of the Bakken Petroleum System.  Surface attribute maps 
created seem to be indicating something, but the exact interpretation is 
uncertain.   
 Recommendations 6.3
 Merging and reprocessing of the three 3-D seismic data sets and/or acquire new 




characteristics of the Bakken Petroleum System, using higher resolution seismic 
data, may improve the future understanding of the reservoir quality. 
 Map surface lineaments using Landsat data and compare the findings to the 
seismic discontinuities/faults identified using AntTracking.  If the surface 
lineaments correspond with the discontinuities/faults it would strengthen the 
subsurface interpretation.    
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Figure A-1  Middle Bakken Member structure maps of the Elm Coulee Field (secondary 
study area) showing a dip to the southeast.  No large structural features are present, 
only a few noses and bends are observed within the maps contours. Contour interval is 







Figure A-2  Lower Bakken Member structure maps of the Elm Coulee Field (secondary 
study area) showing a dip to the southeast.  No large structural features are present, 
only a few noses and bends are observed within the maps contours. Contour interval is 







Figure A-3  Upper Three Forks structure maps of the Elm Coulee Field (secondary 
study area) showing a dip to the southeast.  No large structural features are present, 
only a few noses and bends are observed within the maps contours. Contour interval is 




















Figure B-1  Time-structure map of the Greenhorn Formation. 
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Figure B-2  Time-structure map of the Charles Formation. 
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Figure B-11  Vaux RMS Amplitude maps showing the difference between the three interval parameters used 






























Figure B-17  Minimum Amplitude map of the Bakken horizon. 
